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COHESION 
By J. E.. LENNARD-JONES, The University, Bristol 


A Lecture delivered before the Society on May 1, 1931. 


§r1. INTRODUCTION: NEW IDEAS IN PHYSICS 


at a peaceful consolidation and the other at a more active and probably 

more spectacular disruptive process. In nature it is cohesion between 
atoms which tends to produce condensation and solidification, and temperature 
which tends to produce dissociation, first of solids into liquids and then into isolated 
molecules, then of molecules into atoms and finally into electrons and protons (as 
in the hotter stars). 

Temperature is a manifestation of kinetic energy and cohesion of potential 
energy, and the interplay of these two forms of energy is responsible for many of 
the observed physical properties of matter. A knowledge of the nature of cohesion 
is thus a necessary step towards an understanding of these physical properties. 
In this lecture I propose to review some of the progress which the new wave 
mechanics has made possible in this direction and, by way of introduction, to refer 
to some of the new conceptions which have been introduced during the last few 
years. 

First, there is the main idea of wave mechanics that it is impossible to follow 
the electron in all its ways. Instead of supposing that the electron of an hydrogen 
atom steadily pursues for all time a definite track or orbit, we are now content to 
know the probability that it will do this or do that. We represent the electron by 
continuous distributions—probability patterns. ‘Io each such pattern there corre- 
sponds a definite average energy and normally the electron stays in the pattern of 
lowest energy. The density of the pattern at any point of space is a measure of the 
probability that the electron shall be found there. The probabilities become in- 
finitesimally small outside regions measuring one hundred-millionth of a centimetre, 
so that the electrons of an atom may be regarded as almost always within this small 


IL HERE are in nature, as in politics, two opposing forces. One of these aims 
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region. This is the interpretation to be given to the “‘size » of an atom from the 
new point of view*. 

The mathematical theory does not give these density patterns directly. ‘The 
wave equation gives the possible energy levels and certain mathematical functions, 
usually called wave functions and denoted by #, associated with them. The quantity 
here denoted by ¢ is a function of the three coordinates used to specify the position 
of the electron in space. When % is a real quantity, its square is interpreted as a 
measure of the density of the probability pattern, just as the square of the amplitude 
(and not the amplitude itself) is a measure of the intensity of a sound or light wave. 
When 7% contains the square root of — 1, the square of the amplitude of ¢, viz. 
| * |?, or the product of % with its conjugate complex function, viz. yd, is taken 
to be the appropriate measure of the probability of a given configuration. 


§2. PAULI EXCLUSION PRINCIPLE 


The hydrogen is particularly simple to work out because there is only one 
electron. It is equally easy to work out the patterns for one electron alone in the 
presence of a nucleus of charge Ze. The patterns are similar to those of hydrogen, 
but are contracted in the ratio 1 to Z everywhere. 

If electrons are added one at a time to a nucleus of charge Ze until the whole 
structure is neutral and thus complete, we must inquire what happens to the electrons 
after the first. ‘There is nothing in the wave mechanics, as formulated at present, 
to prevent all the electrons taking up the same pattern. The density of the electrons 
might be regarded as identical and superimposed, except for the electrostatic re- 
pulsion between them which would tend to swell out the pattern again. 

We know from experience, however, that all the electrons of an atom do not 
assume the same pattern, and we have had to invoke an entirely new principle, 
first enunciated by Pauli, and now generally referred to as the exclusion principle. 
This principle asserts that there are never more than two electrons in the same 
pattern; it goes further by asserting that it is not sufficient to describe patterns in 
terms of the three spatial coordinates of an electron, but that a fourth coordinate 
must be introduced. This fourth coordinate can take only two discrete values, so 
that the patterns we have described up to now are to have a further property added 
to them which will double their number. It is as though the patterns had colour 
as well as shape. Actually it is usual to attribute a spin to the electron, and to 
suppose that the axis of the spin can take up either of two quantized directions. 
The exclusion principle then asserts that there is only one electron, described by 
its four coordinates, in every pattern. In building up atoms by the addition of one 
electron at a time, the electrons arrange themselves in those patterns which respect 


* At this stage of the lecture, a number of diagrams of patterns of the excited states of the 
hydrogen atom were shown. It was intended to reproduce these, but since the lecture, a number of 


similar pictures have been published by H. E. White, Phys. Rev. 87, 1416 (1931), to which reference 
may be made. 
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the exclusion principle, and at the same time take up the configuration of least 
energy. The application of this principle accounts in a very beautiful way for the 
main features of atoms and molecules. 


See PRINCIPE EE ORSIDEN TIDY OF BRECTRONS 


In this addition of electrons to an atom, we have tacitly assumed that each 
; electron persists in one pattern. But so far as is known, electrons are identical, 
and a system in which two electrons are interchanged is indistinguishable from its 
original state. This principle of the identity of electrons has proved to be of great 
importance. A method must be found of introducing this fact into the mathematics, 
and this was first done about the same time by Dirac and Heisenberg. 

If we suppose that there are N electrons in an atom and that the wave functions 
associated with the patterns which they occupy are ,, wu, ... uy, these functions 
including spin as well as space coordinates, then the wave function of the whole 
system must be taken to be* 


Tea 1 t, (1); Uy (E)\ Pas ccar hy (1) 


u, (2), (2) eee eaten 2) 


u(N), ty (N), «.. ty (N) 


In this determinant wy (1) indicates that the four coordinates of electron 1 are to 
be introduced into the Nth function, and so on. Now if two electrons 1 and 2 
are interchanged, the effect on the determinant is to interchange rows 1 and 2; 
and this has the effect of changing only the sign of ‘’. Furthermore, if we suppose 
two wave functions 1, and u, to be the same, two columns of the determinant 
become identical and the determinant vanishes. The mathematical expression of 
the Pauli exclusion principle is thus that no two of the wave functions 1, ... Uy 
may be the same. The determinantal form of ‘Y’ thus takes into account the identity 
of the electrons and the exclusion principle at the same time. 

Actually when the electrostatic repulsions between electrons in an atom are 
taken into account, we cannot regard the wave function as made up of N different 
functions wu, ... uy, each containing only the coordinates of one electron. All that 
we can be certain of is that the complete wave function, when found, must have 
the same properties as the determinant as regards the interchange of electrons and 
the exclusion principle. It has not been possible, however, as yet to deal mathe- 
matically with functions more complicated than the determinant. ee 

The probability distribution of the N electrons is now given by ‘4’, which 


* This is subject to the condition that there be not several functions of this type with the same 
energy. It is possible to write the wave function in the form given above for most atoms in their 


state of lowest energy. 
31-2 


uy 


Uy (1) 


p (1, 2) 


dr 
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is a generalization of the probability distribution for one electron. When the two 
determinants ‘’ and V are multiplied together, we find 


WY =| (rsa) p (ip) eee 
po (2,2) pee eee 
i eae 
p(N, 3), p(N,2) -- p(N,N)| 
where* p (1, 2) = Xa; (1) u; (2). 
j 


We note that p (1, 1) is the sum of terms like @; (1) u; (1) which are density functions 
of electron 1 in the different patterns; in fact, we have 


P (a, 1) = Xp; (1, I), 
j 


and we should be justified in superimposing the density patterns if it were not for 
the terms like p (1, 2). These indicate to us that we must no longer expect to express 
the charge density in three dimensions (or four, including spin), but we must use 
a six-dimensional function (or an eight-dimensional one if we include spin). This is 
not surprising. In the older theories, when electrons were assumed to be pursuing 
orbits, we needed a knowledge not only of space coordinates but also of the com- 
ponents of velocity of the electrons to specify their configuration completely. Now 
that we have given up the idea of attributing definite velocities and space coordinates 
to electrons simultaneously, we must not be surprised to find the six-dimensional 
character of the probability configuration appearing in another form. 


§4. ELECTRON-DISTRIBUTIONS IN ATOMS 


The expression given above for YY, multiplied by elements of volume 
dr, dr,,... dry, in the configuration space of each electron, may be interpreted 
as the probability that an electron (we do not specify which one) shall be found 
in dr, another in dr,, and so on simultaneously}. The probability that an electron 
shall be found in dr,, irrespective of the position of the other electrons, is obtained 
by integrating ‘YY’ over the configuration space of electrons 2 to N. In the inte- 
gration each electron configuration is to be counted only once, so that if dr’ in- 
dicates one specified element of volume and dr” another, dz,’ dr," is to be taken to 
be the same as dr,” dz,’. The result of the integration is p (1, 1) dz, or X p; (1, 1) dz, 


J 
and is thus the same as the superposition of the separate patterns p, to pyl- In this 


* This form of the function VV has been given recently by Dirac, Proc. Camb. Phil. Soc. 27, 
240 (1931); cf. also Lennard-Jones, Proc. Camb. Phil. Soc. 27, 469 (1931). 
+ P. A. M. Dirac, loc. cit. 


{t This result holds when the functions u, to wy are normalized and orthogonal, that is, 
t%j,u,d7 = 5;.. For most atoms in their normal state, the wave functions can be adjusted to satisfy 


this condition. 
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sense we may construct pictures of many-electron atoms, and these pictures repre- 
sent the probability of finding an electron in any element of volume in ordinary 
space. 

When the process is carried out, it appears that many atoms—more than were 
previously suspected—may be considered to be spherically symmetrical. Of the 
first ten atoms of the periodic table, six may be so regarded. They are hydrogen, 
helium, lithium, beryllium, nitrogen* and neon. Diagrammatic pictures of some 
of these atoms are given on the accompanying plate}. They have been calculated 
_ from some approximate wave functions given by Slater{. The pictures cannot be 
regarded as accurate but they give a fair idea of the relative “‘spread”’ of the various 
atoms. he inert gas atoms, occurring at the end of a group of the periodic table, 
are usually the most compact atoms of that group. 

The spread of these atoms may be gauged also from figure 1. The contours 
give the probability of finding an electron outside the contour. The first is 0-2— 
that is, the probability of finding an electron outside it is 1 in 5. The second, 
third... are 0-4, 0°6.... Outside the contour 1-0, there is a certainty of finding 
one electron; outside the contour 1-2 there is a probability of finding two electrons 
simultaneously. The spread of lithium, which combines with others in the solid 
state to form a metal, is in striking contrast to that of neon, although the latter 
contains many more electrons. Boron in its normal state has one electron in a 
2p-state, or one with quantum numbers 7 = 2,/=1,m=1,0 or — I. The corre- 
sponding probability patterns are asymmetrical. The one with quantum numbers 
2, I, 0 consists of two blobs of electron charge situated symmetrically with respect 
to the nucleus. The plane of symmetry contains no charge, while a line through 
the nucleus perpendicular to this plane of symmetry passes through the centres 
of the blobs. Along this line the electron charge increases from zero to a maxi- 
mum and then falls away to zero§. This line may be referred to as the axis of the 
pattern. Those with quantum numbers (2, 1, 1) and (2, 1, — 1) are like anchor 
rings. The concentration of charge in each is zero along the axis, and has a maxi- 
mum along the core, from which it decreases to zero in each direction. The axis of 
the ring coincides with the axis of the (2, 1, 0) pattern so that the maximum con- 
centration of the (2, 1, 1) pattern lies in the plane of zero concentration of the 
(2, I, 0) pattern. 

Carbon in its normal state may be regarded as having one of its two outer 
electrons in the (2, 1, 0) pattern and the other in either the (2, 1, 1) or the (2, 1, — 1) 
pattern, while the two electron spins are the same||. The electron distribution thus 
consists of an anchor ring and two “‘balls” of charge on its axis above and below 
the nucleus, all of which is superimposed on a background due to the inner electrons, 
which is spherically symmetrical. 


* In its normal state, that is, in the *S state. 

+ I am greatly indebted to Mr H. H. M. Pike of the H. H. Wills Physical Laboratory, Bristol, 
for these pictures, as also for those in figure 1, and for the calculations involved in making them. 

t J. C. Slater, Phys. Rev. 36, 57 (1930). 

§ Cf. H. E. White, loc. cit. || The normal state of the carbon atom is a 3P state. 
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Nitrogen has one outer electron in a (2, 1, 0) pattern, another in a (2, I, ’ 
pattern and a third in a (2, 1, — 1) pattern. These three patterns when superimpose 
give a distribution which is spherically symmetrical. The spins of these a outer 
electrons in the normal state of the nitrogen atom are the same, for this configuration 
gives the lowest energy (the 4S state). 


re 
LA. 
Fig. 1. The “spread” of the atoms hydrogen, helium, lithium and neon. 


Neon, which has six electrons in the 2p-state, has two electrons, one of each 
spin, in each of the patterns (2, r, 1), (2, r, 0) and (2, 1, — 1). It also is spherically 
symmetrical. Flourine has one less electron than neon, and so we may regard it 
as an atom which requires one electron to complete its spherical symmetry*. It 
is an atom with a “hole” in it, and the ‘“‘hole” is probably a (2, 1, 0) pattern. 


* This property is connected with the affinity which fluorine has for an electron. 
t Cf. J. E. Lennard-Jones, Trans. Faraday Soc, 25, 668 (1929). 
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Oxygen has two “‘holes,’’ one of which is probably a (2, 1, 0) and the other a (2, 11) 
ora (2, 1, — 1) pattern. Like divalent carbon, its normal state is a °P state cigeich 
now this state may be attributed to two holes, whereas in carbon it is dite to the 
two electrons. In this sense oxygen may be regarded as the counterpart of divalent 
carbon. 

These pictures of atoms throw considerable light on their chemical properties 
and elucidate the problem of molecular structure, to which we shall refer below. 


e 
§5. PRINCIPLE OF MINIMUM ENERGY 


To the new principles already discussed, we must add an old one, viz., the 
principle of minimum energy; an atomic or molecular system tends to take up the 
state of lowest energy. This is of fundamental importance in the subject of cohesion. 


Gn YEE S) OPV COMES] VESHOREES 


The physical and chemical properties of matter show that cohesive forces fall 
into certain definite categories. Helium must be cooled down to — 269° C. before 
it begins to aggregate, whereas hydrogen exists in the diatomic form at ordinary 
temperatures. All the rare gases are similar to helium in exhibiting this weak 
cohesion. Neon liquifies at about — 240° C. and argon at — 186° C. The weak 
attractive fields of these gases is responsible for their small departure from the 
ideal gas laws, and as they were first investigated by van der Waals, they may 
conveniently and fittingly be referred to as van der Waals attractive fields. This 
type of attraction probably exists between all atoms and molecules, as will appear 
in the next paragraph, but it is usually masked by other large attractive fields of a 
different type. 

The cohesive forces which hold together the atoms of a hydrogen or a nitrogen 
molecule are about a thousand times as great as those which two helium atoms 
exert on each other, even when they are neighbours in the solid form. These forces 
are the familiar homopolar attractive fields of the chemist. At the same time it should 
be pointed out that the molecules of hydrogen’and nitrogen behave like the inert 
gases as regards liquefaction and solidification and it is almost certain that such 
molecules are held together in the condensed form by van der Waals forces. 
It requires only about 500 calories to evaporate one gram molecule of solid hydro- 
gen, whereas 100,000 calories per gram molecule are required to dissociate 1 gram 
molecule of molecular hydrogen. 

There is distinct evidence that in some solids, such as NaCl, there is a migration 
of an electron from one atom (such as an alkali) to another atom (such as a halogen). 
The atom which loses an electron becomes positively charged and the other 
negatively charged. There is thus a net electrostatic attraction between neighbouring 
atoms and this produces a very firm structure, which is difficult to disrupt. When 
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such solids are vaporized (usually at high temperatures) the vapour is diatomic. 
Such molecules may be said to be held by conic attractive fields. 

There are other solids which are also difficult to melt and to vaporize, but 
which stand in a different class from the ionic solids or salts. They have other 
properties not possessed by the salts in that they are good conductors of heat and 
electricity and, so far as is known, are monatomic in the vapour state. These solids, 
the metals, stand in a class by themselves and the forces holding them together 
may be called metallic attractive fields. 

Intimately connected with the subject of cohesion is the question why atoms 
ever repel each other. The very existence of matter leads us to postulate that when 
atoms approach very near to one another they begin to repel. The resistance which 
solids offer to compression is evidence and indeed a measure of the repulsive 
forces between atoms. A theory which explains cohesion may be expected also 
to explain intrinsic repulsive fields and this proves to be the case. 


§7. THE NATURE OF VAN DER WAALS FIELDS 


Although it is sufficient for many purposes to represent electrons in atoms as 
continuous distributions, such representations are not, of course, accurate. It is 
only the average which is continuous, and there must be rapid fluctuations about 
this average, corresponding to the motion in a classical sense of the electrons 
within the atom. Without it, van der Waals fields, as we know them, would not 
exist. Two hydrogen atoms in their normal state, for example, are each represented 
by a spherically symmetrical distribution, and as each is neutral, the electrostatic 
potential of the one distribution on the other at a large distance apart is vanishingly 
small. Nor can van der Waals fields be interpreted in terms of a static disturbance 
of the continuous distribution. These fields have often been attributed vaguely 
to polarization. But this polarization cannot be a static one, for if it were, each 
atom so polarized could be represented by a small permanent dipole at its centre. 
As the interaction in the case of equal atoms is symmetrical, the dipoles produced 
must be symmetrical about a plane midway between them. They must therefore 
point either towards or away from each other. In either case they cause repulsion. 
Van der Waals fields, as we shall show, are due to a dynamic polarization. The 
motion of the electrons in one atom modifies that of the electrons in the other in 
such a way that they tend on the average to move in phase. An important consequence 
is that van der Waals fields to a close approximation are additive, even when one 
is surrounded symmetrically by several others. Although there was evidence from 
many sources that these fields were additive, this property could not be deduced 
from a theory of static polarization. 

The nature of van der Waals fields may probably be brought out most clearly 
by means of a simple molecular model. Suppose that an atom is represented by a 
linear oscillator, that is, by an electron vibrating linearly about the nucleus. Such a 
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system requires only one coordinate z to specify it. The appropriate Schrédinger 
equation is then 
Oru 822 m 
nae + pa (& — 2kx%) b= 0, 
where m is the mass of the electron, and $s? is the potential energy of the electron. 
On the classical theory, an oscillator of this type, subject as it is to a restoring force 
of kz, would have a frequency given by 


2mVy) = Vim. 


The solution of the wave equation is well known. It consists of a set of discrete 
values for E, viz., E = (n + 4) hy), where n is any integer. In the state of lowest 
energy, the appropriate value of ¢/ is given by 


pb = (2K vo|7)# 6 as 
where em Me 


The equation is written in such a form as to bring out the dependence of # on the 
frequency v, for a purpose which will be seen later. 

The ‘‘smeared-out” pattern for the electron in this case is thus a Gaussian 
error curve, symmetrical about the origin. 

We suppose now the oscillator to be subject to a uniform electric field F’, so 
that the potential energy becomes $kz? — efx or 3k (z — eF/k)? — e?F?/2k. The 
appropriate wave equation can be written 

02 a2 2 F'2 

ae (E+ ME) b=, 
which has the same form as the original equation, except that €, which = 2 — eF/k, 
now takes the place of z. 

The energy values are E = (n + 3) hv, — eF 2/2k. The last term gives the 
change of energy due to the field—the so-called polarization energy. 


Polarization energy = — e? F?/2k. 


In terms of the coefficient of polarizability «, the polarization energy is — taf? 
by definition, so that « = e/k. 

The corresponding density pattern is proportional to e- wrte—erikyY which is the 
same as the original one, except for a displacement of the maximum through an 
amount eF/k in the direction of the field. This represents a static polarization. 

We next suppose the oscillator to be subject to the field of a distant parallel 
rigid dipole of strength p at a distance R. The potential of the electron is then 
— 2pez/R® and is like a parallel field except that the constant of proportionality 
depends on R. The theory of the preceding paragraph applies if F is replaced by 
2/R%, and so the energy of the oscillator, being proportional to the square of F, 
is now proportional to p°R~*. 


Polarization energy = — 2e?2/kR°. 


p, R 


Ny, Ny 


Vos Vy, Vo 


470 F. E. Lennard-fones 


Moreover, the energy being negative indicates attraction. The polarization of the 
oscillator is again a static one. 

If now we suppose the dipole » to fluctuate in value and to change in sign 
independently of the original oscillator (though this is an artificial assumption), the 
polarization of the oscillator is always such as to give an attraction proportional 
to R-*; in fact, we have 


Average polarization energy = — 262.2/RR®. 


The polarization is now a fluctuating one and may be described as a dynamic one. 

Actually the second dipole cannot be regarded as fluctuating independently 
of thefirst. It also will be subject to a dynamic polarization, and the two systems must 
be regarded as one complete coupled system. The method, however, prepares the 
way for a more accurate treatment* and suggests that two such oscillators will 
tend to move in phase. 

The complete wave equation for two equal oscillators, each vibrating along the 
axis of g under each other’s influence, is 

Oy =  8ar2m 


2072, 
ea = | zg 2 1p 2 \ 12 i S. 
az, a 22,3 + 72 (z Lk2, LR ) ub = 0, 


and this can easily be transformed to new variables 


1 = (21 + %)/V/2, & = (% — &)/V/2, 


On 56" 872m -_ ‘ 
0&2 ~ h2 (E 3k, €,? = +k, £,°) b = 0, 
where kh, =k — 2€/R3, ky =k + 2€7/R. 


The possible energy values of the equation are 


E=(n,+4)hy,+ (m, + 4) hry, 
where 


I 
1 = aq VUi/m) = vy V(x — 202/RRY), ry = vy v(t + 2€*/ARY), 


This transformation is accurate and valid as long as v, is real, that is as long as 


2e*/kR® < 1. This implies that R must be greater than (2x). For the state of 
lowest energy, we thus get 


E = th (vy, + v9) 
= hv (1 s) e1/2k?R), 


if the square roots be expanded, as they can for large R. This indicates that the 
energy of interaction of the dipoles, or the 


van der Waals polarization energy = — hyyet/2k?R°, 


and that there is an attractive’ force proportional to the inverse seventh power of 
the distance. 


* Cf. F, London, Zeit. f. phys. Chem. 11, 222 (1930). 
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The wave function for the whole system for this lowest state is equal to the 
product of the appropriate functions in €, and &, viz., 


ob = (4K? v,v,/70? t enki Eb+ 1982") 
4 ihe) 


“= (2te|a7)E (vy v9)* ene +22?) elievae®|ie) (2e12/R') 
= (4 V9/'V92)# iy EW (nvolledo, 


where iy is the corresponding wave function before interaction, and v is the potential 
of interaction (— 2e? 2,2,/R°). 

The probability of a specified configuration, that is, a specified x, and a specified 
%, is given by the square of %, and is thus proportional to %," e’. When d is 
negative (indicating attraction between the dipoles), the probability is greater than 
yp? and when v is positive (indicating repulsion between the dipoles), the probability 
is less than y,?. | 


Zo 


Fig. 2. The probability function for two interacting linear oscillators. 


This result can be represented diagrammatically in a two-dimensional space, as 
shown in figure 2. The distribution function, being proportional to e~ 2 ("f't™f), 
is like a ridge with its maximum at the origin, and with elliptical contours. The 
major axes of the ellipses are & = 0 or 2; = + 2, and the minor axes 2, = — 2. 
The corresponding distribution without interaction is a round-topped mountain 
with circular contours. The probability of finding 2, and 2, with the same sign has 
increased, while that of finding them with the opposite sign has decreased. In other 
words, the interacting dipoles tend on the average to move in phase. 

A similar treatment can be given for two three-dimensional oscillators*. Let 
the line joining the centres of the oscillators be in each case the axis of z as before, 


* F, London, loc. cit. 


bos x2) 


x,y 
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and let any convenient parallel sets of axes « and y be chosen in planes perpendicular 
to this axis through the respective centres. The mutual potential energy of the 


oscillators is then V = & (012% + Vo — 2%1%)/R. 
The probability-distribution function can now be represented only in six-dimen- 
sional space. It appears that z, and z, tend to have the same sign (as before), 
while x, tends to be opposite to x,, and y, opposite to y,. These are just the con- 
figurations for which the oscillators attract. Hence we may say that two systems 
tend to interact in such a way that the attraction is a maximum. It is in the genera- 
lized sense that we use the expression ‘‘tend to move in phase,” for actually in 
this example the x’s and y’s tend to be out of phase in the usual sense. 

These simple examples, which can be worked out accurately, serve to bring 
out the essential nature of van der Waals fields, and we may presume that in other 
more complicated cases, where the mathematics is more djfficult to interpret, the 
attraction is due to a sympathetic movement of the electric charge. 

The mathematical calculations for actual atoms are not easy. Wang* was the 
first to attempt the calculation of the van der Waals fields of two hydrogen atoms. 
He showed that the asymptotic form of the interaction of two hydrogen atoms was 
like that of two dipoles, and used this additional potential as a perturbation of the 
wave equation of two normal atoms. He thus showed that the attractive force 
between them at large distances varied inversely as the seventh power of the dis- 
tance. The numerical value has not, however, been confirmed by later investigations. 
Recently Eisenschitz and Londont+ have given a method of calculating fields of 
this type for any atoms, which is based on the second approximation of the usual 
perturbation theory. (The first approximation of this theory vanishes at large 
interatomic distances). The wave function of the system is expressed in terms of 
certain selected unperturbed wave functions of the two atoms. The method is 
rather unwieldy and the authors themselves expressed the hope that some simpler 
method would be found. The problem has also been considered by Lennard-Jones], 
Hassé§, and Slater and Kirkwood ||. The first of these authors uses a modified form 
of the perturbation theory which considerably simplifies the calculation of the 
van der Waals fields of two hydrogen atoms, while the second two use specially 
adapted variation methods. In each case the potential of the attractive field is of 
the form — AR~*, and the values obtained for are as follows: 


Eisenschitz and London ss 6:04. 10-9 
Lennard-Jones et ee 6°04. 10-8 
Hassé se ote Si 6:05. 210-% 
Slater and Kirkwood ... ht 6-05. 10-60 


These values of A give the attraction in ergs when R is measured in centimetres. 


r 


* S.C. Wang, Phys. Zeit. 28, 663 (1927). 
+ R. Eisenschitz and F, London, Zeit. f. Phys. 60, 491 (1930). 
{ J. E. Lennard-Jones, Proc. R.S. A, 129, 598 (1930). 
§ H.R. Hassé, Proc. Camb. Phil. Soc. 27, 66 (1931). 
ul 


| C. Slater and Kirkwood, Phys. Rev. 87, 682 (1931). 


Cohesion 473 


The calculations for hydrogen atoms are valid, of course, only at large inter- 
atomic distances. At smaller distances the exchange phenomenon, referred to 
below, comes into prominence, and leads eventually to the formation of the diatomic 
molecule. The exchange forces, however, fall off very rapidly (as e~*"/r) and 
become small at distances at which the van der Waals fields are still important. 
It is unfortunate that in this case, where the theoretical calculations can be carried 
out with some accuracy, comparison with experiment is not possible. 

An attempt has been made to extend the theory to more complicated atoms, 
_ but the main difficulty here is the lack of knowledge of the wave functions of these 
atoms. Even in the case of helium, the wave functions are only known approxi- 
mately. London* has attempted to correlate the van der Waals fields of atoms with 
their coefficient of polarizability, but the correlation is only an approximate one, 
and only between certain rather wide limits can the magnitude of the fields be 
fixed by this method. | 

Hassé+ has attempted the case of two helium atoms and has based his work 
on wave functions deduced by Hylleras{ from a variation method. These wave 
functions are adjusted to make the energy of the helium electronic system a mini- 
mum and it does not follow that wave functions so deduced are valid over their 
whole range; in fact, it appears that they are probably fairly accurate near the 
nucleus (where the energy contributions are large) but less accurate in the outer 
parts of the atom. But it is just the outer parts of the atom which are most affected 
by outside fields, and so it is important that the wave function in those regions 
should be known accurately. Hassé finds that the Hylleras functions, which 
approximate best to the correct ionization potential of helium, do not give the 
best results for the polarization energy in a uniform electric field, which also is 
known experimentally. Similar calculations have been carried out for the van der 
Waals fields, but again there is a certain arbitrariness owing to the uncertainty 
of the Hylleras functions. The results obtained by Hassé are given below. 

Slater and Kirkwood § have given a further development of Hassé’s method, also 
depending on the variation method. They work out the polarizability of helium 
and the van der Waals fields of two helium atoms by means of an approximate 
wave function, previously given by Slater||. The results obtained so far for the 
attractive-force-constant of helium (A in AR~*) are as follows: 


London ss... 33 ee ae WefAG LOW. 4 
Hassé se i tee ee (7:91-8:21) 107° 
Slater and Kirkwoo a is BOAO. 2 


Slater and Kirkwood give as well an expression for the field of two helium atoms 
at close distances. The potential curve obtained from their work is plotted in figure 3. 


* F, London, Zeit. f. phys. Chem. 11, 222 (1930). 

+ H.R. Hassé, Proc. Camb. Phil. Soc. 27, 66 (1931). 

{ E. A. Hylleras, Zeit. f. Phys. 54, 347 (1929). 

§ J. C. Slater and Kirkwood, Phys. Rev. 37, 682 (1931). 

|| J. C. Slater, Phys. Rev. 32, 349 (1928). 

4] This figure is given as an upper limit, and is deduced from the formula given in the next 
paragraph, the observed value of the coefficient of polarizability being used. 


Acrep.); n 
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Other inert gas atoms have been considered but the results can only be esti- 
mated roughly because the wave functions are not known sufficiently well. Both 
London and Slater-Kirkwood, unable to calculate the force-constants of these 
gases directly, attempt to correlate the force-constant with the coefficient of polari- 


zability. Slater and Kirkwood give 
A = (const.) N? 2, 
while London gives = (const.) La% 


In each case A is the constant of van der Waals field, and « is the coefficient of 
polarizability; in the first formula N is the number of electrons in the outer shell, 
and in the second J is the ionization potential. It is not known yet how far either 
formula is correct. 

The attractive force constants of gases can also be determined from a study of 
the equation of state, as has been shown by the author*. A collected account of the 
methods used and the results obtained has already been publishedt, but some new 
results, which have been worked out recently on the assumption of an attractive 
force of the type AR~’, may appropriately be given here. The repulsive field, which 
comes into play at short distances, is represented by a force of the type Airep.) R™. 
Theoretical calculations of the type discussed in the next paragraph show that the 
repulsive field is more complicated than this and contains terms of the form e~“, 
but it falls off very rapidly with distance and can (in the case of helium at any rate) 
be represented, over the range which is most effective in atomic collisions, by a 
term of the type Xrep.) R™. 

The equation of state alone does not determine the value of the index m in 
this repulsive field uniquely, but, for a given m, it determines the value of the 
constant Arep), and the attractive constant \att.. Other methods have to be 
employed to single out the right value of » from the array of possible ones thus 
determined. The crystal spacing of the solidified gas or its heat of sublimation 
may be used for this purpose. In the accompanying table the results are given 
for n= 10, 11 and 13. The experimental material from which these results 
are derived is cited elsewhere§, and later experimental results of Nyhoff||, and 
of Gibby, Tanner and Masson§] have been used as well. In table x are given 
calculated values of the closest distance of approach which these gases would 
have at absolute zero, if they set in the form of face-centred cubes. This is the form 
which would be expected theoretically for a force of the type Arep. R-™ —Aate. R-, 


* J. E. Lennard-Jones, Proc. R.S. A, 106, 463 (1924), 107, 157 (1925), 109, 481 (1925), 112, 214 
(1926); J. E. Lennard-Jones and W. R. Cook, Proc. R.S. A, 115, 334 (1927). 

t J. E. Lennard-Jones, chap. x of Statistical Mechanics, by R. H. Fowler (Camb. Univ. Press 
1929). 

{ The author gratefully acknowledges the help of Miss M. J. Littleton (H. H. Wills, Physical 
Laboratory, Bristol) in the numerical calculations. 

E. Lennard-Jones, chap. x-of Statistical Mechanics by R. H. Fowler (Camb. Univ. Press 
1929). 

|| G. P. Nijhoff, Dissert. (Leiden, 1928). 

{| C. W. Gibby, C. C. Tanner and I. Masson, Proc. R.S. A, 122, 283 (1929). 
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Table 1. Calculated force constants of gases from equation of state 


Calcu- : 
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5 closest | Subli- pee, ed heat 
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in crys > Ispacing| qin. # 
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; n = 10 TOLOmLOme T3-Ojc Om 4°23 1380 
Nitrogen n= Il BOs Ome: epee Ones Aoi 1460 | 4:0f 1860 
m=13 | 4°44. 16) | Oo 3516" 4:06 1640 


as it is the cubic form of least potential energy§. Argon|| and neon{ have already 
been shown experimentally to exist in this form. The calculated values of the heat 
of sublimation at absolute zero from this crystal structure are also given. The 
force constants of neon are a little uncertain because the experimental results 
of Holborn and Otto and those of Cath and Kamerlingh Onnes are not very 
consistent. The figures given are obtained by taking both sets of experimental 
points and adjusting the theoretical curves to fit as well as possible. Figure 3 
shows the curves of potential energy of pairs of inert gas atoms as a function of 
their distance apart for the model m = 13, m = 7. 

It is probable that many other gases are held together in the liquid and solid 
state by van der Waals forces, for, as London** has pointed out, many cases are 
known where the heat of sublimation is of the same order of magnitude as those 
given in the above table. CH,, HCI, HBr, CO may be quoted as examples. Forces 
of this type are probably responsible also in certain cases for the adsorption of 


* For reference see F. London, Zeit. f. phys. Chem. 11, 240 (1930). ’ 

+ J. de Smedt, W. H. Keesom and H. H. Mooy, Proc. Amst. Acad. 33, 255-257 (1930). 
“{ Vegard, Nature, 124, 267, 337 (1929), molecules being regarded as spheres. 

§ J. E.. Lennard-Jones and A. E. Ingham, Proc. R.S. A, 107, 636 (1925). 

|| F. Simon u. C. Simson, Zeit. f. Phys. 25, 160 (1924). 

| J. de Smedt, W. H, Keesom and H. H. Mooy, loc. cit. 
** EF, London, Zeit. f. phys. Chem. loc, cit. 
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gases on solid surfaces. The author has shown that the order = ae of 
certain observed heats of adsorption can be explained in this way*. Other cases 
have been worked out recently by Londonf. 


Ne Ar 


Potential energy (ergs x 10-1) 


R (a.v.) 
Fig. 3. The potential energy of pairs of inert gas atoms as a function of their distance apart in A.} 


The experimental study of molecular spectra has established the existence of 
molecules such as HgAr, HgKr§, and lately it has been shown that a molecular 
form of K, exists quite other than the molecule form 


forces||. There is little doubt that these molecules ar 
Waals forces. 


ed by the usual homopolar 
e held together by van der 


* J. E. Lennard-Jones and B. M. Dent, Trans. Faraday Soc. 24, g2 (1928). 

t F. London, Zeit. f. phys. Chem. loc. cit. 

t The continuous curves are obtained from the 
a law of force Nrop,) R- - Natty) Ro 
from its electronic structure. 

§ O. Oldenburg, Zeit. f. Phys, 55, 1 (1929). 


equation of state, hitherto unpublished, assuming 
. The dotted curve for helium is obtained by Slater and Kirkwood 


| H. Kuhn, Naturwissen. 18, 332 (1930). 
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§8. HOMOPOLAR COHESION* 


In an earlier paragraph we have seen that when there are several electrons in 
an atom, its configuration may in an approximate theory be specified by a number 
of wave functions u,, uw, ... uy, each a function of the four coordinates of an electron, 
and that the probability of a specified configuration of the electrons is given by a 
certain determinant of N rows and columns. The importance of the new form for 
the probability function becomes evident when calculations are made of the energy 
of electronic systems. The average value of the electrostatic energy of the electrons 
can be calculated only when we know the probability that any pair of electrons 
will be at a specified distance apart. A detailed calculation of the energy of an 
atom or the interaction energy of two atoms depends then very closely on the 
probability function VY. 

The probability of finding two electrons in specified places dr, and dr,, in- 
dependently of the position of the other electrons, is obtained by integrating the 
probability function over the coordinates of all the electrons except two. The 


result proves to be 
{p (1, I) p (2; 2) aed ee 2) p (2, 1)} dr, AT, 


with the definitions of p (1, 2), etc., given in §3. The mutual potential of two 
electrons consists then of two terms; the first is the average of (€?/1,2) p (1, 1) p (2, 2) 
integrated over the whole of space of electrons 1 and 2; the second is the average 
of (e?/r) p (1, 2) p (2, 1). Apart from certain terms of these expressions which 
cancel, the first represents the Coulomb interaction of the individual distributions 
of electric charge wu, %,, U2, etc. This may be called the Coulomb energy. It is the 
mutual electrostatic potential energy of the superimposed patterns which go to 
make up atoms, as described in § 4. 

The second term in the above expression is new. It is difficult to describe its 
physical nature. All that can be said of it is that it is the natural outcome of the 
introduction of two new physical concepts into the mathematical scheme, viz., 
the principle of the identity of electrons, and the exclusion principle of Pauli. It is 
sometimes described as the ‘‘exchange”’ term and the term in the energy expression 
arising from it as the “exchange” energy. 

The ‘‘exchange”’ energy depends on the spin of the electrons, while the Cou- 
lomb energy does not. It is this property of the exchange term which has made it 
of so much importance in the theory of atoms and molecules. In a two-electron 
system, as in an excited helium atom, for instance, the electrons may have the 
same or opposite spins, and, owing to the exchange term, the energies of the states 
with the same spins are lower in every case than those of the corresponding states 
with opposite spin. The hydrogen molecule is another two-electron system, and 
here the energy is lowest when the electrons have opposite spin. 'T his appears to 


* The account of homopolar forces given here is necessarily brief. A fuller account has been 
given recently by the author in a lecture to the London Mathematical Society on ‘‘’The Quantum 
Mechanics of Atoms and Molecules.’ This is to be published in the Journal of the London Mathe- 
matical Society shortly. 
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be the case in the interaction of most atoms. For certain interatomic distances the 
energy is lowest, and, therefore, the cohesion greatest, when the electrons of one 
atom are “paired”’ with those of the other atom. The energy of two interacting 
nitrogen atoms is highest when the spins of the three outer electrons of the atoms 
are all of them the same, and lowest when the three electrons of one atom are 
paired with those of the other. This latter condition corresponds to the normal 
nitrogen molecule, held together—as the chemist describes it—with a triple bond. 

The pairing of electrons is thus brought into close connexion with the valency 
rules of the chemist, and chemical homopolar forces are elucidated to this extent— 
that they are seen to be a consequence of the same mathematical and physical 
principles which have been formulated for other branches of physics. This result 
may conceivably come to be regarded as one of the greatest achievements of the 
present formulation of quantum mechanics. 

The nature of these forces may be described in a simpler but less accurate way 
by an appeal to Pauli’s exclusion principle. For one electron in the field of two 
nuclei, there is a set of patterns with different energies just as there is for an electron 
in the field of one nucleus. One electron in the presence of two hydrogen nuclei 
will take up the pattern of lowest energy. Ifa second electron is added to the system, 
it also can take up the same pattern provided that it has a spin, which is opposite 
from the first one. The two electrons now exist in the same molecular pattern and 
are paired. Provided the energy of the pattern, which depends on the internuclear 
distance, has a minimum, a stable molecule will be formed. 

If, however, two helium atoms are brought together the electrons are paired 
already. When the nuclei are pushed together, two of the electrons must be 
‘““promoted”’ to a higher energy level if the exclusion principle is to be preserved. 
The act of promotion requires energy and this appears as repulsion. A similar 
argument may be used for other closed electron groups, which are brought into 
contact. 

The more accurate method described above also shows that closed electron 
groups, like those of the inert gases, repel each other. The exchange term in this 
case becomes predominant and leads to an increase of energy as the two systems 
are brought near together. Intrinsic repulsive fields may be attributed to this new 
exchange term, which quantum mechanics has produced. 

‘The exchange term is more important than the Coulomb term in the interaction 
of two hydrogen atoms, but the Coulomb term becomes relatively more and more 
important in the interaction of larger atoms. This is due not only to the increased 
spread of the atoms, but also to the form of the patterns which the outer electrons have 
to assume. The effect is found even in the interaction of two lithium atoms*. When 
the Coulomb part is important, the pictures of atoms given in an earlier paragraph 
are useful in constructing models of molecules and helpful in understanding their 
various shapes. We have, for instance, seen that an atom of fluorine, or indeed 
any halogen gas, has a “‘hole”’ in it. It follows that the nucleus is less screened in 


* M. Delbriick, Ann, d. Phys. 5, 36 (1930). 
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some directions than others. If the hole in the F atom is like the (2, 1, 0) pattern, the 
atom is roughly like a spherical ball of electric charge with a double conical hole 
scooped out of it. It is then not difficult to understand why a hydrogen atom can 
combine with it to givea HF molecule. The hydrogen’s electron cloud sinks as far 
as possible into the hole of the fluorine, for in this position it gets as near as possible 
to the fluorine nucleus. Of course, it must be stressed that this only provides a 


rough picture. In an accurate treatment, the wave function of the whole system 
must be considered. 


§9. IONIC COHESION 


The conception of a halogen atom as an inert gas atom with a hole in it is useful 
in many ways. It has an affinity for another electron, and when one has been secured 
the electron cloud becomes spherically symmetrical. Ionic salts, like NaCl, may be 
pictured as arrays of spherical distributions, each on the whole charged, either 
positively or negatively, and so held together by electrostatic forces. This brings 
us to the question of determining a criterion between homopolar cohesion and 
ionic cohesion. When are we to suppose that atoms become ionized in the process 
of binding? The criterion is one of energy. Suppose that in figure 4 the curve 


Intermolecular Distance 


Fig. 4. Potential energy curves of atoms and ions. 


(1) refers to the energy of two neutral atoms at various distances apart and that 
curve (2) refers to that of the corresponding ions. ‘The difference between the 
energies (1) and (2) at infinite distance is equal to the difference of the ionization 
potential of one atom (say an alkali) and the electron affinity of the other (say a 
halogen). The curve (2) is then represented by (a — b/R) because of the electrostatic 
attraction. 

At the point of intersection A of the curves, the work put into the system at 
infinity has been recovered, and at interatomic distances less than this the ionic 
form has the less energy. If, however, the energy required for ionization is large, 
the interaction is of the type (3). Then the ions have to be brought to very close 

32-2 
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distances before the ionic form has less energy than the atomic, but the close 
distances are not possible because of the intrinsic repulsion or the Pauli principle 


referred to in the preceding paragraph. 
Table 2* shows how this condition is fulfilled in the case of some typical ionic 


compounds. The distance R refers to the value of the abscissa where the ionic 
curve cuts the axis; this is approximately the same as the place where it cuts the 
curve (1) when R is large. 


Table 2. 
Ionization potential j 
+ electron affinity (A.U.) 
(volts) | 

KF 0°24 60 | 
KCl 0°50 29 
KBr 0°84 IF 
KI 1-23 | 11°8 


It is likely that the terms tonic and homopolar refer to extreme cases, convenient 
for classification, but rarely existing in practice, actual cohesion being neither the 
one nor the other but partaking of both. The wave function of a perturbed system 
must be expressed in terms of all the wave functions of the unperturbed system 
and if there are two such wave functions of nearly the same energy, the wave 

function of the molecule is a linear function of both. 


§10. METALLIC COHESION 


From the point of view of wave mechanics, a metal must be regarded as an 
enormous molecule, with an enormous number of energy levels and electron 
patterns. The problem is to explain why a collection of atoms in the form of a 
metal has less energy than the isolated atoms of which it is composed. Is the cohesion 
_due to ordinary electrostatic forces or to the exchange phenomenon or both? 
The problem has been considered recently in a qualitative way by J. C. Slatert 
who has shown that it is likely that atoms of one spin are surrounded by others of 
opposite spin{. In those metals, which are of the body-centred-cubic type of 
structure, each atom is at the centre of eight others of opposite electron spin. 

In the bringing of the atoms together in this way the patterns of the individual 
atoms have been made to overlap. An electron which formerly belonged to one 
nucleus is now brought under the influence of several. This has the effect of 
increasing the electrostatic attraction, and even in the absence of any other cohesive 


force the metal would hold to x aN 
; gether. The metal is like ; : ava: 
which the nuclei float like buoys. ws ke seca let aee ae 


* ‘This method of illustration is d } 

. s due to F, London, Zeit. f. Phys. 46. 47 
Malte C. Slater, Phys. Rev. 35, 509 (1930). 1 
t This is not true, of course, for the ferromagnetic bodies. 
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Now we inquire how the exchange phenomenon affects the cohesion. It is not 
difficult to show that the state of a crystal, in which all the electron spins are 
perfectly paired, combines only with the states in which two of the spins are 
interchanged. Thus, to use a linear example, the electron spins being denoted by 
a and £, the state «8 «8 «8... combines only with «8 Ba «8... and similar arrays. 
In the body-centred-cubic lattice the effect of such an interchange is to surround 
two electrons with seven neighbours of the same spin. The resulting structure has 
then considerably higher energy, because the contiguity of like spins causes a 
_ repulsion. It is thus highly improbable. The electron seems to know what will be 
the result of an interchange and decides that it simply is not done—or at any rate 
only with moderation. The net result is that the exchange effect is not as important 
in metals as it is in diatomic molecules, whereas the electrostatic attraction is relatively 
more important. An accurate quantitative treatment of the problem is, however, 
still required. 

There are some metals, such as zinc and cadmium, in which the exchange term 
probably makes little or no contribution to the cohesion. The atoms of which they 
are composed have paired electron spins even when widely separated, and may be 
expected on that account to repel like inert-gas atoms when brought into contact. 
The fact that the metals are diamagnetic is further evidence that the metals 
consist of perfectly paired electron spins and are formed from normal unexcited 
atoms. Now the diatomic molecules Zn,, Cd,, are known to exist and the order 
of magnitude of their heats of dissociation, which is known from molecular spectra, 
suggests that these molecules are held together by van der Waals fields. The 
cohesion of the corresponding metals is several times greater, but this is probably 
due to the larger number of immediate neighbours and the additive property of 
van der Waals fields. Thus it seems likely that van der Waals fields make a greater 
contribution to the cohesion of some metals than has yet been realized. 

Metallic cohesion cannot therefore be classified in any simple way. It is pro- 
bably due partly to the electrostatic interaction of space-charge distributions, 
partly to the exchange phenomenon, and partly to van der Waals fields. ‘The re- 
lative extents to which these various factors contribute to the cohesion of a metal 
must vary from case to case and is still a matter for investigation. 


§i11. CONCLUSION 


In conclusion we may summarize the contributions of the new quantum 
mechanics to this branch of physics under four headings: 


(1) It has provided density pictures of atoms which have permitted the 
evaluation of the electrostatic interaction of atoms in a way quite impossible in an 
orbital theory. 


(2) It has led to the introduction of a new concept—an exchange force, which 
is responsible for the homopolar bonds of the chemist. 
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(3) It has provided pictures of asymmetrical atoms like the halogens and thrown 
light on the nature of electron affinity. This affinity is responsible for ionic structures 
of the NaCl type. 

(4) It has provided an explanation of van der Waals fields, which formerly 
were not understood. 


The general principles seem to be established. What is now required is a 
mathematical technique capable of applying them to particular cases. 
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EFFECT OF MONOCHROMATIC RADIATION IN AN 
ATMOSPHERE ON A ROTATING EARTH 


PART II. GRAZING INCIDENCE 
Byeoe CHAPMAN NIA ED .oc.oiR.S. 
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ABSTRACT. The absorption of radiation from the sun in an atmosphere varying ex- 
ponentially with the height is considered, as in a former paper; but here the earth’s curva- 
ture, and that of the level layers in the atmosphere, is taken into account. The values of this 
absorption as previously calculated are valid so long as the sun’s zenith distance does not 
exceed 75°, but for greater zenith distances the necessary corrections are of importance. 
It is shown that the absorption, and resulting ionization or dissociation of the air, should 
begin to increase before ground sunrise, the interval varying from about to minutes at the 
equator to about an hour at 60° latitude. 


§1. INTRODUCTION 


referred to as part I. In § 4 of that paper, dealing with the absorption of 
radiation, it was pointed out that the equation of absorption there used was 
not mathematically exact (except for direct incidence) as a representation of the 
physical assumptions adopted at the outset; it was suggested that the approximation 
was probably sufficiently accurate for beams inclined to the vertical at angles up 
to 85°, but that for greater angles, corresponding to nearly grazing incidence, the 
error became appreciable. It was further stated that the values of the ion-content 
deduced in the paper were very nearly true, in low latitudes, except near dawn, 
but that in higher latitudes, in winter, the necessary corrections are appreciable up 
to noon. In the present paper the absorption of radiation at nearly grazing incidence 
+s considered in detail, and the consequent corrections to the former results, re- 
lating to the variation of ion-content with respect to height and time, are examined. 
The notation of part I will in general be used in this paper without being 
re-defined. The tables and diagrams in this paper are numbered in continuation 
of those of part I. 


Ts paper is a sequel to one* with the same (main) title, which will here be 


§2. THE ABSORPTION OF RADIATION 
In considering the absorption of radiation we shall ignore the refraction of the 
beam; that is, the radiation will be regarded as travelling along a straight line. 
In figure 18 let O denote the earth’s centre, OS the line from O to the sun, 
P’ any point in the earth’s atmosphere, and N7T'M part of the boundary of the 


* §. Chapman, Proc. Phys. Soc. 43, 26 (1931). 
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section of the earth by the plane SOP’; N is thus the point on the earth imme- 
diately “below” the sun, and / the antipodal point. T is a point on the “twilight 
circle” of the earth, dividing the day hemisphere, from which the sun is visible, 
from the night hemisphere. 

The flow of radiation is parallel to SO, and if 2 SOP’ = A, the angle of incidence 
of the beam at P’ is A. Let the beam through P’ cut OT in T’, and let distance s 
along the beam be measured from TJ” as origin, in the direction of travel of the 
beam. If a denotes the radius of the earth, and h’ the height of P’, then p, repre- 
senting the distance from O of the beam through P’, is given by 


p=OTF =(+fhj}s04 eee (1). 


Fig. 18. 


Along any particular beam 9 is constant, while for different points P’ along it, 
specified by the corresponding angle A, the height h’ is given by 
h' = peosecA—@i .~\0 7 > 9 2a (2). 
For the value of s at P’ we have 
s=—pcot A. 6 = § 8) S29 ee (3) > 
this is negative if P’ is to the left of OT (as in figure 18) and positive if to the right. 
Consider the absorption — dS’ between the point P’ and a neighbouring point 


on the beam, given by s + ds or + dA. If p’ is the air density at P’, and S’ the 
intensity of radiation, ; 


dS’ = — AS'p' ds 
= — AS" py exp (— h/H) p cosec? \ dX 
= — AS"py exp {((a— pcoseca)/h}pcosec2AdA —..... (4). 


Let P be any point on the beam, such that 2 SOP — xX; in figure 18 this point is 
shown to the right of OT, but it may be anywhere along the beam. The intensity S 
of the beam, at P, is obtainable by integration along it from the extreme left, outside 
the atmosphere (where s = — 00, \ = 0) to P. We get 


x 
S/Soo = exp — Ap, [ exp {(@ — p cosec A)/H} p cosec? A a eee (5). 


This equation replaces equation (7) of part I, which is not strictly true for an at- 
mosphere arranged in concentric spherical layers of equal density. 


Solar radiation absorbed at grazing incidence 485 


The absorption of radiation per cm. of atmosphere is — dS/ds; we shall con- 
sider, instead of this, the quantity J = — BdS/ds, where B denotes the number of 
ions produced by the absorption of unit quantity of the radiation (or the number 
of molecules dissociated, when the effect of the radiation is dissociative rather than 
ionizing). By putting 8 = 1 in J we can obtain the actual absorption if required. 


From (4) the value of J at P is found, on substituting for S from (5), to be 
given by 


I = BAS«x py exp (— h/H) exp E Apy i, exp {(a — p cosec A)/H} p cosec? A a 


In terms of J, (= BS. /H exp 1) and fy (given by exp (tp/H) = ApyH) this may 
be written 


v4 ho—h — 
pee € - “FT ) exp [- aR exp (* aie i a) cosec*) d\| . 


or, taking x =(h—h,)/H, as in part 1, and substituting (a+ h)siny or 
(a +h, + 2H) sin x for p, 


Le a+hy : x (ath) (ath sin x 
ee E 2— (“Gps 2) sinx | exp} 7) —( +2) 524 cosect Add] 


This equation replaces (14) or (17) in part I, and differs from those equations in 
one important respect; it contains a quantity (a + /y)/H which did not occur in 
the former discussion. Thus the proper consideration of the earth’s curvature in- 
volves the introduction of a new parameter into the formulae, and if for no other 
reason than this it seemed justifiable, in a first general discussion of the subject, to 
defer the consideration of the curvature, particularly since this made it possible to 
put the analysis in a very general form involving only one parameter (09). 

The further parameter now introduced, (a + ho)/H, is equal to the distance, 
expressed in terms of H as unit of length, from the earth’s centre to the level at 
which, at noon at the equator, the absorption of radiation is a maximum. ‘This 
parameter will be denoted by R. 

It is of interest to consider the numerical value of R in the case of the ionized 
layers of which the heights have been measured by E. V. Appleton and his col- 
laborators*. The value of a is 6370 km. For the lower of the observed ionized 
layers h, is about 100 km., which is small, though not negligibly so, compared with 
a; thus a + hy is about 6470 km. for this layer. The value of H at this height in the 
atmosphere is unknown; if the temperature there is 300° K. and the composition 
is the same as in the lower atmosphere, H = 8-4 km. It is possible that H may vary 
with the season, and even throughout the day and night; temperatures as high as 
1000° K. have been suggested as existing at great heights, and for the same com- 


* E. V. Appleton, Proc. RS. A, 126, 542 (1930); ibid. 128, 133 and 159 (1930), with J. A. Rat- 
cliffe and A. L. Green respectively ; and earlier papers there cited. 
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position as before this would correspond to H = 28 km. At great heights (probably 
much above 100 km.) the composition is likely to differ considerably from. that 
near the ground, and I have suggested elsewhere* that in the outermost layer 
atomic oxygen and nitrogen, possibly ionized, may be the main constituents; if so, 
at these heights H would be increased, on this account, in the ratio 2 (if the atoms 
are not ionized) or 4 (if wholly ionized, the negative charges being electrons). ‘Thus 
for very high levels values of H as large as 112 km. might require consideration. 
The range of R or (a + h,)/H, as H ranges from 8-4 to 112 km., is from about 
770 to 58, if 4g = 100, or slightly more for higher values of A,. It is convenient, 
in the subsequent calculations, to bear in mind this possible extreme range of the 
new parameter R; but for the ionized layer at about 100 km. height, H is probably 
about 10 km., corresponding to R about 647 or, in round figures, 650. 
In terms of R, (8) may be written 


I/I, = exp[1—z—exp(—2)f(R+2,x)) (9), 
where (4 Vax sy [° exp {x (I — sinx/sinA)} cosec?A dA... (10). 
0 


Equation (9) is identical with equation (17) of part I, except that in (17) sec x 
occurs in the place of f(R+ 2,x). It is of interest to show that f(R + 2, x) 
actually has the value sec y when R tends to infinity, because of course the neglect 
of the earth’s curvature, in part 1, corresponds to taking R (or R + 2) as infinite. 


Since d cosec A = — cos A cosec?A da, 


(10) may be rewritten as 
x 
Fe) = ie secAd[exp {x(1—sinycosecA)}] —...... (11), 


and, by a partial integration, this gives 


A= 


Ie; 0)= sec A exp {x (1 — sin y cosec a» 


A=0 


x 
- k exp {x (I — sin xy cosec A)} sec A tan A dA 


x 
= sec xy — |. exp {w (I — sin yx cosec A)} secA tanA dA ...... (12). 


It is not difficult to prove that as x -+ oo the second term in the last line of (12) 
tends to zero provided that y is less than go°; such values were the only ones that 
came 1n question in the former paper. Thus when R is taken as infinite, as was done 
there, f (, x) is equal to sec y. The revised discussion in the present paper depends 
essentially on the replacement of sec x in equation (17) of part 1 by f (R + 2, x) 
as here defined, and it is necessary to consider the nature of this function of the 
two variables « (or R + 3) and y. 

It should be added that for any beam for which values of y exceeding go° have 
to be considered, p cannot be less than a, the radius of the solid body of the earth. 


* Phil. Mag. 10, 369 (1930). 
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This imposes an upper limit on the possible values of y for any height h, since 
pais equivalent to (a+h)siny >a. For example, for h = 100km., the 
limiting value of y is about 100°. This restriction has little actual importance, 
however, for the problem of upper atmospheric ionization, because the absorption 


of the beams for which p only slightly exceeds a is practically completed well 
before the limiting value of y is attained. 


§3. THE FUNCTION f(x, x) WHEN x=47 


When yx = 47, sec x is infinite, whereas f (x, x) is finite; this infinity of sec x 
in (17) renders I zero, corresponding to complete absorption of radiation by the 
time the beam reaches the twilight plane (ie. the plane through O perpendicular 
to SO). Actually the value of J is still positive on reaching this plane, and also for 
points ‘‘behind” this plane, corresponding to values of x greater than 377. 


For the special value y = $7, f (x, x) may be expressed in terms of Bessel 
functions. For 


hn 
f(x, 37) =x | exp {x (1 — cosecA)}cosec?AdA (3); 
0 
On making the substitution SIT) Mee SCC au aa amy ee me 2 (14), 
so that cos A = tanh u, tan A = cosech u 
sec A = cosh u, sec A = cothu coe (15); 
cot A = sinh uw, d\ = — sech u du 


we find that (13) becomes 
estes iE ex (cosh) cosh u du 
0 


d ce) 
SS | e-@cosh u dy 


dx 0 
—- xe ie 0 (x) = we 1 (x) AOLGOO (1 ys 


by well-known formulae in the theory of Bessel functions*. Tables of the function 
e* K, (x) up to x = 16 are given at the end of Watson’s treatise on these functions. 

Since in the present application « is large (50 or more), the well-known asymp- 
totic formula for K, («) may be used, which gives 


f(x, 42) = (baw) i cap a," ies (14), 

n=1 
where On = [{1-3--- (24 —3)}2 (4m? —1)][(b2?) ever (18), 
so that a,=8, @=—des, Wate te (19). 


Thus for x > 50, f (x, $7) = (4arx)® correct to within 1 per cent. For « = 50 it is 
8-93, while for x = 800 it is 35°47; these values replace infinity, the value of sec x, 
when (g) replaces (17) of part I. 

* Cf, Whittaker and Watson, Modern Analysis (2nd ed.), p. 377, eX. 40. 
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§4. THE FUNCTION f(x,y) FOR SMALL VALUES OF x 

The smaller the value of y, the more nearly will f (x, x) approximate to sec x, 

so that for small values of y a formula expressing this fact should be obtainable. 
It may be found as follows. Let 


y= sin yo * a eee (20), 


so that JeEgia=se .’ e-vcosec* cosec? A dA 
0 


A=X 
=— e | sec A d (ev cosec +) 
A=0 


x . 
= sec xy — e* | e—vcosec’* sec? A sin A dA 
0 


A 
= see x — (e*/y) | 
A= 
by a partial integration similar to that which we used in obtaining (12). By further 
similar partial integrations we find that 


S(@ v= sexs Di a eee (22), 
n=1 


“tan? Ad(e-veoseea) (21), 
0 


where 

b= —secytan?y, b,=3tan®ysec?y, b;= —(15 tanty + 12 tan? x) sec? y 
by = (105 tan*y + 60 tan? y) sec* y, 

bs = — (945 tan® y + 1260 tant y + 360 tan? x) sec® x 


and, in general, b, sin” x = — sin? y sec x (d/dy) (b,_, sin" » ee (24). 


This series is useful only so long as (tan? x)/x is small; for x = 800 it is of service 
for values of y up to about 80°, but for x = 50 its numerical convergence becomes 
slow at y = 60°. The following table gives values of the ratio 100 {1 — f (x, x)/sec x}, 
calculated (except for y = 75° and R < 200) in the above way for various values of 
R and y; this indicates the percentage by which f falls short of sec y in the various 
cases. 

Table 3. roo {1 — f (x, x)/sec x} 


a 30° 45° 60° 75° 
SEG hie T°I55 I'414 2°000 3°864 | 
R= 50 0°62 ie 4:6 1674 
100 0°32 0°95 | 2°97 QI 
200 o'16 0°49 1-4 | 5°6 
300 Orr 0°32 i axe) 4:1 
499 008 0°23 o'7 3°2 
500 0°06 0°20 06 2°6 
600 0°05 o'16 O5 2'2 
650 0°05 Orrs O's 2-0 
700 O05 O14 O-4 I°9 
800 O'04 O13 O'4 7 


It is clear from this table that if R ~ 300 (corresponding to H < 20 km. approxi- 
mately), the curvature of the earth reduces the factor sec x of part 1, equations 
(8);(9), (22),.(2a), (17), by less than 5 per cent., even when y is as large as y ope 
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-§5. GENERAL ASYMPTOTIC FORMULAE FOR f(x, x) 
When x is neither small nor equal to $7, f (*, x) may be evaluated as follows. 
Using the substitutions (14) and (20), we find 


F(%; x) = yer Hi ev-cosh) cosh udu ssa (25); 


where U is the value of wu corresponding to A = x, so that 
sech U = siny 


If y < 47, the positive value of U must be taken, but if x > $7, the negative 
value is the appropriate one. If we write 


Reece TeX ele atin pee) mel 1 Cicee s83 (27), 
U will have the same sign as y’, or, if we take y’ and U as always positive and given by 
sech (7 == cose: PT Bs. ite (28), 


(25) may be written in the form 


f (x, 40 Fx’) = yer | aes ” cosh u du 


ce) U 
= wer 1 +— | | ev (1-cosh u) cosh Uu du 
0 0 


U 
— ev f (y, km) Eye | evtl-cosh™) cosh udu ~...(29). 
0 


Writing v=sinh4u, coshu—1=2v*, du=(2dv)/(t + oh. J...3 (30) 
2 
we have Je (1-cosh 4) cosh u du = 2 | exp (— 2yv?) at 

=2 | exp (— 2yv?) (1 + 2,0") du ...... (31), 

where Cy = (— 1)? * (2m + 1) {1.3 + (2n — 3)}/n! = seek 
¢, =3, Oe ey 2, Cs=is, “= — Gees 


Now it is readily shown that, for all positive values of y and V, 


[exp (— 2yv?) v" du = Bega Te) a (2yV2)8 
0 


2s yrth 


Ve a7 3) Vs (an = 1) (en = 3) 
a = 2 -+ ie wae 
ee rn (Ds (49° 

na Dee a a (33), 

where the series on the right is a terminating one, and where 
érf 4. = i, Ca nese (34). 

0 
2 

By well-known theorems, ae erfy >1 aS 00 ets (25), 
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and, in the form of an asymptotic series, useful when 7 is large, 


les ert ~ 2. [ede = Ww (7°) 
Vio a ae OD eee 


q 


e-? 


a [z+ 2( ec] a8 (36), 


2 ee 


where W denotes the confluent hypergeometric function*. Hence if V is the value 
of v corresponding to u = U, it follows that 


U 
yer | ev (1—cosh u) cosh udu 
0 


= et (ny)t 2 orf ayvl fr + 4 4 7344 | 
SSE fae EP py ay a} 


S e 2n—-1 as. m 2n-—3 : = a, 72n-—5 a 
ne E Vee Fe; = (2n—1)c,V +a (2m — 1)(2n—3)c,, J + | 


2 1 ess # 
= — ye*Ky(y) Z exf(ayV9#- 4S (ayy Ean —1) (en 3)... 
an (2 = 2a 3) eo (37). 
Hence by (29) and (16), 


fs a7 Fx) = —yerK (9) {re F_ exf ayrHh 


i $ —m S ! 72n—2m— 
+4 pty) wee — 1) (an — 3)... (2m — 2m+1)c,V™-™4 . (48). 


In this formula 


V = sinh U = 1/{§ (cosec x — 1)} = v/{E (secy’ — t)}) 
y = xsin x = x cos x’ rae (39), 
(2yV2)2 = {x (1 — sin y)}# = {x (r—cosy’JHB a. (40); 


in all cases the positive square roots are to be taken. 

‘The doi (38) is useful when y is too great for (22) to be rapidly convergent; 
when x’ is positive (x < 90°) and such that (2y//*)} is 3 or more, the expansion (36) 
is helpful in evaluating (38). ‘The binomial expansion in (31) is valid so long as 


V <1, or sinx > 4, x > 20°; in calculating f (x, x) for smaller values of y the 
formulae of § 3 are available. 


When x’ is positive, and x tends to infinity, the first term of f (x, $a — x’), in 
(38), may be shown, with the aid of (36), to tend to — 1/2V. The second part of (38) 


foe) 
tends to 4 anh which J i 
) Read ,» which is equal to 1/2V + sec y. Thus this expression for 
f(x, 37 — x’) tends to sec x, as it should do, when x + oo, 0 < x! < dn. 


* Cf. Whittaker and Watson, Modern Analysis (and ed.), p. 335. 


a 
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In calculating the first term of (38), use may be made either of tables of e”K, (y), 
or of the asymptotic formula 


— ye*K, (y) = (gy)? : + a,y-*} 
1 


( 
= (47x sin x)? e? 4-sinw) ‘a + 2% a,x cosec” x| iiss (40). 
n 


Table 4 gives values of f (R, x) and of Inf (R, x) for various values of R and x; 
it also gives values of sec y and In sec y for comparison. 


When y¥=0, f(R, x) =sec xy = 1, and Insecy = Inf (R, x)= 0 for all values 
of R. 


ee fai R= 600 
R= 650 
R= (00 
R= 800 
2:5 i i] 
log sec. X| |Log f(R, x) R=000 
2:0 | 
R ji 
« Vf R=100 
= l, 
Sh ike F 
x 
g Re50 
a 
s 
1:0 LE 
EE 
EE 3 
0:5 iF T ili 
Vhsy: 80° 85° go° 95° 100° 
x 
Fig. 19. 


Figure 19 illustrates the functions log sec y and log f (R, x), for various values 
of R, over the range of x from 75° to 100°. If the ordinates are multiplied by 2°303, 
this figure also gives the values of In sec y and Inf (R, x). 
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§6. PROPERTIES OF THE FUNCTION J es0 

When y < 90°, or y’ > 0, the principal factors in the first and most important 

1 

term of f («, x), according to (38), are e”-sinv and 1 — (2/ 4/7) erf ay V5 the 
former increases as y decreases, while the latter decreases ; these tendencies approxi- 
mately neutralize one another in their product, and as x decreases from $7, f (x, x) 
steadily decreases from +/(47x), approximately, and tends, from below, to sec x for 


sufficiently small values of x. 
As x increases from 47, the increase of e*'1-sin” is no longer compensated 


by a rapidly decreasing factor, because the factor involving erf (2yV2)2 is now 
1 + (2/4/7) erf (2yV?)2, which increases from 1, when x = $7, and rapidly ap- 
proaches the limiting value 2 when (2yV2)? exceeds the value 3. 


Throughout the whole range of x, f (x, x) > f (x, x), if x > x’. 
The rate of variation of f («, v) with respect to x is readily calculable: 


Of (a, x) = * COS xX i ev (1—-sin x cosecA) egsec? Ady 
Ox /0 
— x* sin x cos x | " ez (d-sin xeosee’) cosec?A dA... (41). 
J0 


This expression could, if desired, be expressed in forms similar to those derived, 
for suitable ranges of x and x, in §§ 3, 4. When y= $= the result is specially 


simple, i.e. 
a (x) 
OX J x=ts 


The variation of f («, x) with respect to x is also of interest: 


ne x) _* = = f (2, x) — wsin? y |" est-sinxeose ) cosec®AdA ...(43). 


This can be evaluated by the methods adopted for f (x, x) itself. But a general idea 
of the value of of/ox can be simply obtained as follows. When y = 47, differentia- 


tion of (}7«)}, the approximate value of f (cf. § 2), gives 
ie =4(z/2x)8 approximately = —_....... (44). 
This is less, the greater the value of x. When y =o, f (x, x) = 1 and Of/éx = 0; 
§3 shows that for small values of y the difference between f (x, x) and sec x 
is less, the greater the value of x. This suggests that of/ex increases from o to 
approximately 4} (7/2)! as y varies from o to 37, being throughout smaller, the 
greater the value of «; this could be confirmed by a detailed discussion of (43), 
and is borne out by inspection of table 4. It is less easy to see how Of/x varies with 
w for values of x greater than go°, but when y has increased sufficiently beyond $7 
for the factor 1 + (2/4/z) erf (2yV7)! to have become practically 2, the principal 
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factor in f, which governs the value of @f/0x, 1s e* (1—sin » : thus Of [Ox is approximately 
equal to (1 — sin x) f (x, x) for such values of x. Since f increases with x, of/ex 
changes, between y = $7 and somewhat greater values, from a decreasing function 
of x to an increasing one. The change is completed, over the range of R here con- 
sidered, before y = 93°, as may be seen by inspection of table 4. 


§7. THE HEIGHT-DISTRIBUTION OF THE RAT EOP 
ION-PRODUCTION 
In part I, equation (16), it was found that the value of z, written as z (x), corre- 
sponding to the maximum value of J at a point from which the sun’s zenith distance 
is x, is In sec y. The corresponding height h (x) above the ground is hy + Hz (x); 
if height measured from this level as datum, in terms of H as unit, be denoted by Z, 


Z=2z—2).. ~ eee (45)- 


It is of interest to point out that in terms of Z the equation (17) of part I takes a 
specially simple form, namely, 
I/I,cosx=exp{i—Z—exp(—Z)}  —— waneee (46). 
Thus the proportionate height-distribution of the rate of ion-production, to the 
accuracy afforded by the approximate formulae of part I, is the same at all points x, 
relative to the local height of maximum ion-production; this height increases with 
x to infinity at y = 47; the actual rate of production at points similarly situated 
with respect to the local level of maximum is, however, reduced, as compared with 
the value at the point immediately beneath the sun, in the ratio cos x. Thus all the 
curves in figure 1 of part I are identical except in their scale of ordinates, and in 
being bodily shifted so that their-maxima occur at different points along the scale 
of abscissae; this point was not noted in part I. The modifications in these results 
due to the curvature of the earth will now be considered. 
The value z (x) at which J, as given by (9), is a maximum, is given by 


1—e*f(R+2,x)+e*of(R+2,x)/es=0 =... (47). 
For x = }7 it has been seen in § 5 that of (R + z, x)/éz is approximately equal to 
f(R+ 2, x)/2(R +2); thus it is negligible compared with f(R +z, x) when 
R > 50. Consequently (47) is approximately equivalent to 
1 — exp (— 2) f(R+2,x)=0, 
or s(yy=Inf(R+a,x)  — aaeeee (48). 
This is valid for y= 47, and also for smaller values, since the ratio of of/ez to f 


decreases with y when y < $7. As y > 0 this equation tends to the approximate 
equation z (x) = In sec y of part I, 


Reckoning height from the local level of maximum J, by the substitution (45), 
an approximate equation analogous to (46) is obtained, namely 


I= {h/f(R+2,x)}exp{r—Z—exp(—Zpeo a. (49)- 
Thus the height-distribution of J, relative to the local level of maximum I, is. 
approximately the same as at the point immediately beneath the sun (as illustrated 


a 
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by curve 7 in figure 1 of part I) except for a reduction, the same at all relative 
heights, in the ratio 1/f (R + 3, x), or, in terms of z (x), in the ratio e-*, 

In part I, by neglect of the curvature of the earth, z (y) was found to be infinity 
at y= 37, where J was given as zero at all heights. The earth’s curvature being taken 
into account and the values of f(x, x) given in table 4 utilized, it appears that 
2 ($7) varies from 2°18 for R = 50, to 3:45 for R = 650; thus the change of height 
of the level of maximum J, from the equator to the twilight circle, is only a small 
multiple of H. It should be remembered, however, that R itself depends on H 

(§ 2); hy being neglected in comparison with a, the earth’s radius, R = 50 corre- 
sponds to a value of H 13 times as large as R = 650, so that 2 ($7) for R= 50 
represents (2°18 x 13)/(3°45) or 8-2 times as great a distance, in kilometres, as 
3 Gn) for R= 650. In the latter value, corresponding to H = 10km., z (47) 
represents a distance of 34°5 km. 

When x increases beyond 47, the approximate expression for of (R + 2, x)/dz 
changes fairly rapidly from f/2 (R + ) to (1 — sin x) f (R + 2, x), while f(R + 2, x) 
rapidly increases, approximately in proportion to the factor e(@+)(-sin\); as 
f(R-+ 2, x) increases, J decreases; for the values of R that require consideration 
(§ 2), J is appreciable only so long as 1 — sin x is small, so that of (R + 2, x)/oz in 
(47) is still negligible in comparison* with f(R + 2, x) over this range. Conse- 
quently (48) and (49) remain valid. 

Thus, over the range for which J is appreciable, the function f («, x), in whic 
x is to be given the value R + 3, suffices to determine, in a very simple way, the 
level of maximum /, and the reduction of J at this and other levels above and below 
it, as compared with the corresponding magnitude at the point immediately be- 
neath the sun. Since In f= 2-303 log f, the graphs of log f (R, x) in figure 19 thus 
indicate the variation in the /evel of maximum absorption of radiation, or of maxi- 
mum rate of ion-production, as a function of the sun’s zenith distance x; the unit 


of height is taken as H. 


§8. THE DENSITY OF THE AIR AT THE LEVEL OF 
MAXIMUM ABSORPTION 
It is of interest to consider the density of the air, say p (x), at the level at which, 
for any value of x, the rate of absorption, or of dissociation (/), is a maximum. 
This occurs at z(y)=Inf(R, x) approximately, or h(x) = hp + H imf (Rox) sat 
this level 
p (x) = po exp {— h (x)/H} = po exp t— (ol 1) — # (x)} 
= pol{f (Rs x) exp (— Ito/ HY} 
Beier adn oe (50). 
Up to x = 75°, this is approximately (cos y)/A/H. 
Thus the density of the air at this level is inversely proportional to H, the 
height of the homogeneous atmosphere, and to A, the coefficient of absorption. 
The former depends on the temperature and composition of the air; also A depends 


on the composition. 
- * This may be verified also directly from table 4. 


p (x) 
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§9. THE SEASONAL VARIATION IN THE MAXIMUM RATE OF 
ABSORPTION AT NOON 

The annual variation in the maximum value of J, which by (49) (putting Z = 0) 
is I,/f (R + 2, x), over a station in latitude / (= 37 — @), may be illustrated by con- 
sidering the ratio of the values at the summer and winter solstices. Reference to 
these two seasons will be indicated by the suffixes s and w. Since / has its maximum 
at noon . 
Xs =1—4), Xo =l+ 6), 
where 8, = 23°-5. Now J) = BS../H exp 1, and while 8 and S,, are unlikely to undergo 
any annual variation, it is possible that H may do so. Taking account of this, the 


required rato 1S TT, = af (R+ % xo) af (R+ 2x) ee (51). 
It may be noted that, by (50), [Tn Pdbo. «ae eee (52) 


where p, and p,, are the densities p (y) at the levels of maximum / at the two seasons. 

For y < 75°, and therefore up to the latitude 75° — 23°-5 or 51°-5 (which happens 
to be the latitude of London), f(R-+ z, x) is equal to sec y within 2 per cent. 
(taking R to be about 650). Thus, up to this latitude, 


I,/Iw = {H, cos (1 = 8o)}/{H, cos (J + 85)} approximately ...... (53)- 


The following are the values of the ratio J,H,/J,,H,, (which is equal to J,/J,, 
if H, = H.,) for various latitudes: 


Latitude fe) 15 30 45 50 55 60 
eR ase I 1°26 1-67 2°54 3°15 4°27 7°09 


§1o. THE DAILY VARIATION IN THE RATE OF ION-PRODUCTION 


The daily variation in the rate of ion-production at a given level = depends on 
the geographical latitude (/) of the point, and the season. If R = 650, then at times 
and places at which x does not exceed 75°, the figures 1-5 of part I remain valid, 
because f (650, x) is practically equal to sec x, as assumed in part I, up to x = 75°. 

For greater values of x, the values of J/J, given in part I are in error by more 
than 2 per cent., if R is 650 or less. In particular, J/J, does not vanish when 
x= 90", but is still appreciable for even greater values of y, corresponding to 
points at places where at ground level the sun is below the horizon; X = 90° corre- 
sponds to ground sunrise or sunset. 

The following method may be adopted to illustrate how I/T, depends on height 
and on x when the sun is near (above or below) the horizon. 

The equation (9) may readily be transformed to 


f(R+ 2, x) =e {1 —z—In(1/h)} = G(z, Ah. stectee (54), 
or, the small difference between f (R + s, y) and f (R, x) being neglected, 
FUR x)= G (I eee (55), 


in which y is involved only on the left, and = only on the right. 


SN 


é 
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The graph of G Carl Zo) as a function of z is readily plotted for any assigned 
value of J/I,; G is positive from z= —0o to z= 2 =1—In(J/I,), which is 
positive, and beyond this value G is negative. As z > — 00, Go by positive 
values, while as x > 00, G > — «; G has one maximum value, equal to J,/J, for 


before | after 
ground | ground 


Sunrise | Sunrise 
2 LS | 


Fig. 20. 


= 2%, =—In(I/I,). Thus for any value of G< I,/I, there are two corresponding 
values of x; moreover there is one value of x such that f (R, x) is equal to this value 
of G. The two values of x will be said to correspond to these values of x and I/I); 
they indicate the heights at which //J) has the assigned values, over any place from 
which the sun’s zenith distance is y. For any value of I/J,, there is one value of x, 
say Xm, for which the two corresponding values of x coalesce; this is the y corre- 
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sponding to the maximum value, J,/J, of G, and the value of zis z,, or — In (J/J). 
All the other values of y corresponding to I/J, are less than Xm- 

Figure 20 shows the heights and times for which J/J, has the values o-oo1, 
0-01, 0-05, and o-r, for values of x near go”. The graphs are drawn for two values 
of R, viz. R= 650 and R = 400. The lower part of the diagram indicates the — 
tion between y and time—now measured from the epoch of ground sunrise (x = go ) 
—-for various latitudes and seasons; the lower left-hand curves refer to the period 
before sunrise, and the right-hand curves to the period after sunrise. 

It appears that if R = 650, I/J, first attains the value o-o1 at a height 2 = 7G 
approximately, at the time when xy = 92°-4; at the equator this time is about 
10 minutes before ground sunrise, while in latitude 52° the corresponding time 
before sunrise varies from 16 minutes at the equinox to 20 in December and to 
22 in June; the interval increases somewhat rapidly with increasing latitude. The 
value J/J, = o-oor is first attained at a height z= 7 approximately, at about 
20 minutes before ground sunrise at the equator, or 40 minutes in latitude 52° in 
December. The figure well illustrates the rapid downward penetration of the 
radiation during the period of dawn. 


§i1. THE DISTRIBUTION AND VARIATIONS OF ION-DENSITY 


The corrections here made in the value of J/J,, allowing for the earth’s curva- 
ture, modify the distribution and variations of ion-density found in part I, but so 
long as the same physical assumptions are adopted, the method of calculation is the 
same as indicated in §§ g—11 of part I. 

Since, for any assigned values of y and 3, the true value of J here calculated 
exceeds the value used in part I (except when y= 0, i.e. at noon at the point 
immediately beneath the sun, when the two are equal), the corresponding value of 
v, or n/n), will be greater, at all times throughout the day and night, than was 
formerly deduced. ‘The excess ion-production is due to the slightly greater ab- 
sorbing area presented by the earth’s atmosphere than was considered in part I; 
it is readily seen that the excess is proportionately least at the equator, and increases 
with latitude. 

The changes in the values of n/n formerly calculated, consequent on taking 
correct account of the earth’s curvature, are best illustrated by graphs showing a 
few particular cases. This has been done for the equator and for latitude 60°, at the 
equinox (figures 21, 22), and for latitude 60° also in midsummer and midwinter 
(figures 23, 24); the parameter o, has been taken as 1/25 throughout. The corrected 
curves are the full lines, and the original curves are shown by dotted lines, for 
comparison. ‘The epoch of ground sunrise (y = 0) is indicated in each case; in the 
two equinoctial figures (21, 22) itis 6a.m. It is found that the change in the pre- 
dawn value of n/n is too small to be shown on the diagrams. 

At the equator at the equinoxes the initial rise of n/n, occurs about 10 minutes 
earlier than was inferred in part I. From one hour after ground sunrise, the cor- 
rections to the old results are small, and the curves are not reproduced for the 


Solar radiation absorbed at grazing incidence 499 


period after 7" 30™. The equatorial curves at the solstices would differ only very 


slightly from those shown for the equinox in figure 20. 
In latitude 60° at the equinoxes the initial rise of m/ny becomes appreciable at 
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nearly identical. 


In latitude 60° at midsummer (figure 23) the dawn rise of n/n, begins at about 
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about 50 minutes before ground sunrise; at ground sunrise 7/7) is about 0-07. At this 
season the corrections to the original curves are of importance throughout the period 


of daylight, though becoming small towards Sunset; at noon they are quite con- 
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siderable. This is because x is large throughout the day, and so there is a material 
difference between sec y and f (R, x) over this period, instead of only near dawn 
as in the other cases. 

For the latitude of London (51°-5) the interval before ground sunrise at which 
n/n, begins to increase will be somewhat less than that calculated here for latitude 
60°. It would therefore appear to agree well with the interval (rather less than an 
hour) observed by Prof. E. V. Appleton* in his recent measurements of the electron 
density in the lower ionized layer of the upper atmosphere. 

It is of interest to consider how n/n, or v varies near dawn. The equation of 


change is 
Gy (dvd) = (L/Lo) — ¥*5 


during the night 7/J,= 0, so that dv/dé is negative. In the latter part of the 
night v is nearly constant, and small; its value (v’, say) depends on the season, 
latitude, and on a. In figures 21-24 v’ is about o-or at the equator (and, in winter, 
at latitude 60°), rising to 0-025 in latitude 60° in summer (these values depend on 
o) and are purely illustrative: probably they are smaller than the true values in 
the ionized layers of the atmosphere). The value of » becomes stationary when 
I/I, = v', which is less than 1/1000 in the above cases; figure 20 shows that //J) 
first attains the value 1/1000 when x = 95°. From this time » will increase, and at 
first, while v? is still small, and Z/J, several times as great as v?, the solution of the 
above equation will be approximately 


i ah Ca I. (I/I,) dd, 


where ¢, denotes the sun’s hour angle at the instant when I/I, = v’?. 
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ABSTRACT. An account is given of a linear neon-lamp time base by means of which 
cathode-ray oscillograph traces due to recurring electrical or magnetic phenomena can be 
accurately superimposed, even though the train frequency be subject to wide and irregular 
variations. The underlying principle of this time base lies in the use of a glowing neon 
lamp which is extinguished by energy furnished either by the phenomenon under in- 
vestigation or by some other phenomenon associated therewith. 


§r. INTRODUCTION 


ELATIVELY slight coupling usually suffices in the case of either the Anson- 
R tes flashing neon lamp* or the “ticking grid” (Appleton, Herd and 
Watson-Wattt+) time base to ensure satisfactory superposition of repeated 
cathode-ray oscillograph traces of the relationship between time and regularly re- 
curring, similar, electrical or magnetic phenomena such as are, for example, asso- 
ciated with either continuous undamped oscillations or regularly recurring trains 
of either damped or undamped oscillations of constant frequency and similar 
amplitudes. In order, however, to ensure synchronism, in the case of trains of 
similar phenomena where the train frequency varies, recourse must be had to tighter 
coupling between the circuit under examination and that of the time base, the 
degree of which must be increased with increasing irregularity of the train fre- 
quency, with consequent increase in the trace distortion due to such coupling. 
Further, the more erratic the train frequency, the poorer will be the trace syn- 
chronism, with the result that the figures become blurred and indistinct, until, 
finally, with even the closest permissible coupling, the individual traces can no 
longer be even approximately superposed. 

The time base to be described below was developed with a view to the study of 
ignition-coil phenomena. These consist in the main of trains of either more or less 
damped oscillations or of non-oscillatory phenomena recurring at irregular intervals. 
These train-frequency irregularities are due in the main to the contact-breaker, the 


* Standard Telephones and Cables, Ltd. 


, Bulletin, G 577, pp. 24 and 25, 
Tt ProcT RS. A, 111, 615 (1926). 


Oscillography of irregularly recurring phenomena 503 


speed of the cam drive of which is seldom constant except over short intervals. 
Furthermore, the cam surfaces, of which there are usually 4, 6 or 8, are not uniform 
(except within the limits attainable by mass production processes of manufacture), 
nor are the separate cam angles equally disposed about the axis of rotation of the 
cam. A further contributory cause of such irregularities is that due to unavoidable 
play of the cam spindle in its bearings. 


§ 2. FLASHING HYSTERESIS IN A NEON LAMP FLASHING CIRCUIT 


In order to render clear the operation of the time base to be described below, 
it will be necessary to discuss certain characteristic properties of a neon lamp 
discharge tube incorporated in a circuit such as is shown in figure 1. This is a 
modification of the well-known Anson-Pearson flashing circuit adapted for use as 
a linear, or nearly linear, time base for the purposes of cathode ray oscillography. 


A 


Biget. 


The circuit has been drawn in the conventional manner and therefore needs no 
further explanation, beyond pointing out that the diode must be operated under 
saturation conditions and that the time-scale plates of the oscillograph are connected 
to the point A and earth, i.e. across the condenser C. 

Provided the current flowing through the diode is not excessive, C charges up 
to the flashing potential of the neon lamp at a linear rate and then discharges 
through R and the lamp until the voltage across the condenser falls to a value at 
which current ceases to flow through the lamp, whereupon the cycle of operations 
recommences, the lamp flashing once during each cycle. If, however, the current 
through the saturated diode be increased by brightening of the filament, a point 
will be reached when the lamp suddenly ceases to flash, but glows steadily. Let this 
critical current value be z,. If the diode current be now lowered, flashing is not 
resumed until the current is reduced to a value, i,, Which may be considerably 
below z,. This phenomenon may be termed “flashing hysteresis,” by analogy with 
the “‘oscillation hysteresis” of an oscillating triode which has been studied by 

Appleton and van der Pol*. The difference, i, — i;, will serve as a measure of the 
flashing hysteresis. 
* Phil. Mag. 43, 177 (1922). 


g 
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If the constants of the circuit shown in figure 1 could be so chosen that the 
hysteresis (i, — i,) were small and that the voltage across the lamp with z, flowing 
were equal, or nearly equal, to the extinction potential, then it would appear that, 
under such conditions, a small momentary reduction of 7, to below 7; should result 
in extinction of the lamp, whereupon the ensuing charge-flash cycle should ter- 
minate in a condition of steady glow due to the renewed steady flow of 7, through 
the lamp. Various ways at once suggest themselves in which the necessary mo- 
mentary reduction of 7, could be brought about by means of a small fraction of the 
energy associated with a transient electrical or magnetic phenomenon of which it is 
desired to obtain an oscillographic record. Further, in the case where similar 
phenomena are repeated, exact superpositions of the resulting traces should result, 
independently of uniformity or otherwise in the interval times between successive 
phenomena. 

§3. EXPERIMENTAL 

Whether or not the circuit, figure 1, can be employed in the manner outlined 
above depends primarily upon the extent to which flashing hysteresis can be re- 
duced. The following experiments were therefore carried out with the object of 
elucidating this matter. The circuit employed was similar to that shown in figure 1. 
A three-range (0-120, 0-240, 0-360 pA) microammeter was inserted in the anode 
circuit between the diode and A; and, instead of a single neon lamp, two de-capped 
beehive-pattern ‘“‘osglim” lamps with ballast resistances removed, were used in 
series, in order to obtain a sufficient trace-amplitude with the oscillograph employed. 
R was a non-inductively wound variable plug-in resistance, and C a variable air- 
dielectric condenser. Further apparatus consisted of a von Ardenne cathode ray 
oscillograph and the neon lamp time base (figure 18) which forms the subject of this 
communication. 


§4. DETERMINATIONS OF FLASHING HYSTERESIS 
The horizontal deflection plates of the oscillograph were connected through a 
suitable biassing battery to A, figure 1, and earth respectively. The vertical plates 
were earthed. A horizontal line traced by the cathode-ray spot on the oscillograph 


Table 1. 
R, w F 

Coa 90,000 50,000 | 30,000 | 20,000 10,000 

Mis Vg nS iy tg Men | ty ty Ce | ty tg ae i ty 
0°0003_ | 87 138 51 90's 300. 213 93 312 219 93 360 | 267 93 | 360 
0°00055 | 87 96 (| 9 [905 | 252 1610's 93 255 | 162 06 366 270 96 | 390 
O'001 90 96 ; 99 | 270 — _ Too | 360 
0°0025 | QI'°5| 9O7'5 h 6 97 150 i 52°5 I00°5 | 270 
0°005 93 975 | 4°5 
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screen indicated that the neon lamps were flashing (figure 2 a). On increase of the 
diode current a point was reached when the line trace collapsed into a stationary 
cathode ray spot, showing that flashing had ceased (figure 2 6). The corresponding 
current 7, was read off on the microammeter. The diode current was now reduced 
until the spot gave way to the line trace (figure 2 a) on resumption of flashing con- 
ditions, the corresponding diode current being z;. In table 1 values of 7 and 7, 
obtained in this manner are given in microamperes. They show the relationship 
between the value of C,.R and flashing hysteresis for two neon lamps in series. It 
will be seen that low hysteresis is favoured by an increase in either C or R, and that 
these have critical values at which an abrupt change occurs in the magnitude of the 
hysteresis. 

Below the heavy stepped line in the table lies a well-defined region of com- 
paratively low hysteresis. 


§s, FLASHING CHARACTERISTICS OF THE CIRCUIT OF FIGURE 1 
UNDER LOW HYSTERESIS CONDITIONS 


At first sight the results incorporated in table 1 did not appear encouraging, 
because the extent of the hysteresis, even under the most favourable conditions, 
amounted to a considerable fraction of either z, or z,. It was clear, however, that 
(i, — i,), as determined in the manner outlined above, was virtually a measure of 
static hysteresis; and the fact that flashing, when once established, persisted until 2; 
had been increased to 7, suggested that a suitable momentary impulsive lowering 
of i, to a value intermediate between 7, and 7, might suffice to extinguish a lamp 
glowing steadily with the current z,. It was, indeed, occasionally observed that, 
with circuit conditions favourable to low hysteresis, when the diode current was 
gradually increased from the value 1,, the line trace on the oscillograph screen first 
collapsed to a much shorter line trace (figure 2 c) which, in its turn, collapsed to a 
spot when the current was further increased by an amount which could hardly be 
read on the microammeter ; and further that, when conditions were such as to pro- 
duce this short line, even such slight coupling as that due to the capacity between 
the oscillograph plate pairs sometimes sufficed to extinguish the glow, and thus to 
cause the lamp to flash once each time the vertical deflection plates were suddenly 
charged up to a suitable potential difference, the horizontal plates being connected 
to A and earth, figure 1. The short line trace was clearly due to the occurrence of 
oscillations of small amplitude in the lamp circuit. With a view to elucidating the 
role clearly played by the small amplitude oscillations in reducing the stability of the 
glowing condition of the lamps when passing the current z,, it was decided to ob- 
tain a series of oscillograms of current time relationships and of the dynamic 
voltage/current characteristics of lamps flashing with various values of C and R in 
the circuit (figure 1). 

The current time traces were obtained by connecting the vertical deflection 
plates of the oscillograph across R, and the horizontal plates to the neon time base 
circuit to be described below; and the voltage current characteristic traces by con- 
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necting the vertical deflection plates across R and the horizontal plates across the 
lamps, suitable bias being inserted in the lead from A, figure 1, to the oscillograph 
in order to bring the cathode-ray spot approximately into the centre of the screen 
when A was at a potential above earth equal to the extinction voltage of the lamps. 

Of the many oscillograms recorded photographically in this manner those re- 
produced here (figures 4 to 17 and 19 to 24) will suffice to bring out clearly the point 
at issue. The exposures employed in photographing these traces were such that 
each oscillogram is compounded of several thousand superimposed traces. The 
definition of the resulting oscillograms is therefore a criterion of the degree of syn- 
chronism between the circuit phenomena under investigation and the action of the 


time-base employed. 


§6. THE CURRENT TIME OSCILLOGRAMS 


Ten oscillograms, showing the relationship between the current traversing the 
lamps under flashing conditions with various values of R and C and diode current, 
are reproduced in figures 4 to 11, in which the time scale is horizontal and the cur- 
rent scale vertical. The experimental data relating to these oscillograms are sum- 
marized in table 2. 


Table 2. 
: Diode- Hysteresis, 
Oscillogram, R Cc ’ current ig — ty Remarks 
figure (ohms) (uF) (nA) (nA) 
4 97,000 0°0010 (ele) | Little short of glowing 
5 97,000 O°00I0 93) Nearer to glowing 
6 97,000 O°0010 94‘ 6 _ Still nearer to glowing | 
7] 97,000 00010 95 Just below glowing 
8 97,000 00010 96 Just glowing steadily 
ga 32,000 00010 re 
9b 32,000 O'0010 113} 13 | 
9c 22,000 O°0010 ET, 
Io 33,000 000055 250 160 
ica 53,000 0700055 250 161 


Figure 3 is a reproduction of the voltage deflection scale which served for 


measuring up the oscillogram, figure 4. All other oscillograms reproduced herein, 
except that of figure g, are approximately to this scale. 

The oscillograms (figures 4 to 1 1) show that, on striking, the discharge current 
through the lamps rises so rapidly to a peak value that the corresponding trace is 
barely visible on the photographic record. The discharge current then falls much 
more slowly and at a non-uniform rate and, provided the diode current is sufficiently 
far below i,, finally approaches zero in an exponential manner (figure 4), whereupon 
the steady diode current recharges C until flashing recurs. When the diode current 
is slightly increased a similar sequence of events occurs with the exception that the 
discharge current, shortly before falling to zero, executes a single or partial oscilla- 
tion (figure 5) about a mean value corresponding approximately to that of the diode 
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current. A further increase in the diode current results in the setting up of a train 
of unstable oscillations which increase in amplitude (figures 6 and 7) until, after 
attaining a critical amplitude value, the discharge current decays to zero (figure 6), 
and the lamps are extinguished. When the diode current is equal to or above 7, the 
discharge current falls smoothly and without executing oscillations to the diode- 
current value (figure 8) at which it remains constant, and the lamps in consequence 
glow steadily. Resistance coupling was resorted to in order to ensure synchronism 
in the case of the oscillograms figures 4 to 8, a variable 1-megohm resistance, in 
nearly every case all in, being employed for this purpose. This fact alone will serve 
to illustrate the ease with which is set up a train of oscillations of increasing ampli- 
tude which rapidly lead to extinction of the lamps, provided the circuit conditions 
are suitable. 

In securing the oscillograms shown in figure 9, precautions were taken to reduce 
and confine the coupling between the circuit of figure 1 and that of the time base as 
far as possible to that due to the capacity between the oscillograph plate pairs alone. 
In figure 9 a the diode current was less than 1 per cent. below 7,. In figure 9 6 the 
diode current was practically equal to z,; the perfect superposition of the current 
time traces of the low-amplitude saw-toothed oscillations obtained adequately 
demonstrates the sensitivity of the time base circuit employed and the minute 
amount of coupling required to ensure synchronism. In the case of figure g c the 
diode current was slightly above z,, and in order to secure a trace it was necessary 
to reduce the time-base diode current to below its 7, value. 

The oscillograms shown in figures 10 and 11 are representative of those which 
could be obtained when the circuit conditions were such as to give large hysteresis 
values. Comparatively tight coupling had to be resorted to in order to obtain these 
oscillograms. According to the value of the diode current, the discharge current 
either (i) fell to zero, in a manner similar to that shown in figure 4 (diode current 
<i,), or (ii) finally executed undamped saw-tooth oscillations as in figure To (diode 
current =i,), or (iii) gave rise to damped oscillations as in figure 11 (diode current 
rather higher than in (ii) but still =7,). 


§7. THE DYNAMIC VOLTAGE/CURRENT CHARACTERISTIC 
OSCILLOGRAMS 


The current/time records discussed above adequately demonstrate the meta- 
stability, under suitable circuit conditions, of the glowing state of the neon lamps 
passing a current equal to 7,, and the ease with which extinction may under those 
conditions be brought about. They further show that the initial portion of a time- 
base stroke produced by means of the circuit figure 1 cannot be linear ; because the 
discharge current after falling below 7, does not fall to zero instantaneously, but does 
so in an exponential manner, during which time the diode current is divided be- 
tween that flowing through the lamp and that which charges up C. The series of 
voltage/current oscillograms shown in figures 12 to 17, in which the current and 
voltage scales are vertical and horizontal respectively, afford a clear insight into the 
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effect of the values of C and R upon the lamp voltage when the current Z, or one 
approximately equal thereto is passing, and into the value of extinction mires 
ensuing upon reduction of 7, in the manner previously outlined. The flashing 
potential under static conditions for the two neon lamps in series was found to be 
338 volts. The experimental data relating to the oscillograms, figures 12 to 17, are 
i in table 3. 
Eithee eat show that in every case the lamp voltage falls, on flashing, 
to a value considerably below that of the extinction potential under the corre- 
sponding dynamic conditions. Further, for present purposes*, it will be sufficient 
to draw attention to the following facts brought out by these oscillograms: The 
difference between the values of the dynamic extinction and flashing potentials, ic 
the length of the linear portion of the time base stroke, increases (i) as Ris decreased 
(figures 12, 13, 14 and 15) and (ii) as C is increased (figures 14, 16 and 7) 2.420 
clear, therefore, that, in order to obtain the greatest possible length of linear stroke 
with the time base, it is essential that the values of C and R should be so chosen as 
to be as near as possible to, but below, the heavy stepped line in table 1. 


Table 3. 
: 
Oscillogram R : C | Hysteresis ; | 
figure (ohms) | (nF) (uA) | Remarks | 
12 90,000 o-oo! 6 Well below glowing | 
13 90,000 O'001 6 Nearly glowing | 
14 30,000 O-00I 1375 Nearly glowing | 
ms 10,000 O°001 258 ‘ E | 
16 30,000 | 00035 II Nearly glowing 
17 30,000 0°00055 162 


§8. DESCRIPTION OF THE TIME BASE 


The practical circuit of the time base which has been developed on a basis of the 
considerations outlined above is shown in figure 18. The arrangement of filament 
theostats shown therein permits of a fine control of the temperature of the tungsten 
filament of the R-type triode, of which grid and anode are inter-connected. The 
microammeter, uA, can be calibrated in terms of the duration of one time stroke 
for known values of C, a variable 0-0003 x. F condenser, which is provided with 
terminals to which fixed condensers of suitable capacity can be connected. The 
resistance R is carried in a clip-in holder, thus permitting of easy interchange of 
different values of R. In the interests of linearity, the unearthed side. of C is con- 
nected to the corresponding time deflection plate of the oscillograph through a bias 
battery, instead of the usual arrangement of a condenser and leak. 

Suitable coupling between the time base and the circuit under investigation can 
be effected in various ways. For instance, the plate P of the oscillograph can be 


* It is our intention to discuss these and other dynamic characteristics of discharge tubes in 
greater detail in a further communication to the Society. 
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connected to the terminal B, the degree of coupling being controlled by means of 
the 1-megohm variable resistance shown in the diagram. Or, again, an inductance 
coil connected across A and B can be inductively coupled with the circuit under 
investigation. In certain cases we have found it of advantage to incorporate a triode 
adjusted to operate on bottom-bend conditions in the coupling circuit, in order to 
reduce interference with the phenomenon under investigation to a minimum. 


The following precautions should be taken in using the base. The high and low- 
tension accumulators should be first fully charged and then slowly discharged to the 
extent of approximately one-fifth of their capacity before use. They should be re- 
charged when a further two-fifths of their charge has been used up. The triode and 
the filament rheostats should be shielded from draughts. It is, further, essential 
that the insulation be good, particularly across the diode, the condenser C, and the 
neon lamps, and in order to ensure this being the case the pinches of both the de- 
capped diode and lamps should be well dried and varnished with shellac. 

When the time base is to be operated the filament rheostats are adjusted until 
the diode current equals z,. The voltage changes due to the phenomenon to be 
investigated are then applied to the plate P, and finally the coupling is adjusted until 
the neon lamps commence to flash in synchronism with the phenomenon. ‘The 
filament and coupling adjustments will be found to be critical. Incorrect direction 
of coupling will result in distortion, as in figure 19, which shows the oscillations in a 
circuit comprising an iron-cored inductance of 3 mH and a capacity of o-24F'. In 
this case not only was the direction incorrect, but the amount of coupling was ex- 
cessive also. Similar oscillograms, but obtained with correctly adjusted coupling, 
are shown in figures 20 (iron-cored 3 mH — 0:2 F) and a1 (air-cored 5 mH — 
0:2 uF). It will be seen that, in the cases of the two latter oscillograms, non-linearity 
of the time base is confined to the initial portion of the first half-oscillation. Figure 22 
shows the current oscillations in a 3000 ohms resistance shunting the secondary 
of an induction coil. It may be mentioned that in photographing these last four 
traces the camera lens was stopped down as far as possible (f : 42), and that during 
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of the 8-cam contact breaker employed was made 
een about 100 and 800 r.p.m. A train frequency 
higher than 6400 per minute was not employed with the iron-cored inductance 
circuits because the circuit arrangements were such that, at higher speeds, the value 
of current flowing in the inductance at break would have varied inversely with the 
time of make by the contact-breaker. The definition of the oscillograms obtained is 
ample testimony to the degree of accuracy with which the cathode-ray traces have 
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exposure (about 30 sec.) the speed 
to vary in an erratic manner betw 


been superimposed. ; 
Finally, the oscillograms reproduced in figures 23 and 24 in which the relation- 


ship between the potential across C and time is shown, demonstrate the uniformity 
in the rate of charging up of C, and hence the linearity of the time base, in all but 
a short initial stage. They confirm, further, the conclusion that the nearer the 
values of C and R lie to the heavy stepped line in table 1 in the region below that 
line, the greater is that proportion of the time-base stroke which is drawn at a linear 
rate. The rate of rise of voltage shown in figure 24 is, indeed, uniform practically 


throughout. 


$9. 


We wish to place on record our appreciation of the assistance afforded to us by 
Messrs Ferranti Ltd., who generously placed at our disposal such apparatus as was 
required in the prosecution of this investigation. 


NOTES ON THE OSCILLOGRAMS, FIGURES 4 TO 11. 


Flashing occurs simultaneously in the neon lamp of the time base and circuit under 
investigation at the origin of the coordinates, except in the case of figure 9 a. 

Figures 4, 5 and 6: 'Time-base-diode current = 7,; the time base is “tripped,” i.e. the 
time base lamps extinguished by flashing of the lamps in the circuit under investigation. 

Figures 7,8, 10 and 11: Time-base-diode current = 7, ; time base “‘tripped”’ by flashing 
of circuit under investigation, which is, in its turn, “tripped” by flashing of time base. 

Figures 9 a, b: 'Time-base-diode current = 7,. Time base “tripped” by low amplitude 
saw-toothed oscillation of circuit under investigation. In figure g a the first saw-toothed 
oscillation is followed (after flashing of time base) by a second one of increased amplitude — 
which leads to extinction. In the case of figure 9 }, conditions are such that flashing of the 
time base does not increase the amplitude of the saw-toothed oscillations to an extent suf- 
ficient to bring about extinction of the lamps in the circuit under investigation. 


NOTE ON THE OSCILLOGRAMS, FIGURES 12 TO 17. 


Flashing occurs at 347 volts. The discharge current then rises and the voltage across 
the lamps falls with such rapidity that the corresponding trace is barely visible. The voltage 
invariably falls below the extinction potential, i.e. that voltage at which current ceases to 
flow (299 volts in the case of figure 12). 


Oscillography of irregularly recurring phenomena ea 


NOTE ON THE OSCILLOGRAMS, FIGURES 21 AND 22 


The beginning of the first half-cycle trips the time base and the oscillogram is de- 
scribed. When the time-base lamps flash, the cathode-ray spot returns at an exponential 
rate to zero, the initial rate of such return being far more rapid than that of the true time 
stroke in the forward direction; hence, in figure 21, the expansion of oscillations which 
occurs on the return stroke; and in figure 22 the slope of the return stroke is seen to be 
much less than that of the mean line about which the current oscillates. In both cases, the 
spot remains at zero until the beginning of the first half-oscillation of another train trips 
the time base afresh. 


DISCUSSION 


Prof. A. O. RANKINE remarked that the traces shown in the illustrations showed 
very little blurring. The phenomena represented must therefore have been very 
similar at each recurrence. 


Mr O. S. Pucxre. I would like to ask the authors where the connexions 
between the tube and the wave source are made. I presume that the source is 
connected to the two horizontal plates of the oscillograph, that is to say to the right- 
hand side of the resistance R, figure 1, so that the potential across it is used to 
trigger the time base. In addition I would like to enquire whether it is necessary 
to adjust the diode current when large changes are being made in the value of the 
frequency under examination, say from 1000 to 1,000,000 ~. 


Autuors’ reply. The time-base-circuit condenser is connected to one pair of 
plates, one of which is earthed; the source leads go to the other pair of plates, one 
of which is earthed while the other is connected to the neon lamp through a vari- 
able r1-MO resistance. Energy thus tapped off through the unearthed source-lead 
trips the neon lamp. It is not necessary to adjust the diode current, but the coupling 
between the time-base-circuit and the source may require adjustment. 
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ABSTRACT. A description is given of an X-ray crystallograph designed on the 
principle used by Seeman‘) and Bohlin) in which the slit, specimen to be analysed and 
photographic film are disposed along the circumference of a circular camera. Typical 
crystallograms obtainable are shown. 

The cubic-crystal analyser is described and some examples demonstrating its use are 
given. 


§1. INTRODUCEIOGN 


is essentially that of Bragg, but owing to the impracticability of obtaining 

single crystals of appreciable size, his original method has been modified 
so as to be adaptable to the various obtainable forms of the material under in- 
vestigation. This has led to such methods as those used by Debye and Scherrer™, 
Hull, Weiss and others, which, although differing slightly in their experimental 
arrangements, owe their success in operation to identical factors. In order to 
arrive at a correct determination of the atomic structure of any substance by any of 
the powder methods, it is essential that the substance should consist of a conglo- 
meration of small crystals offering all possible orientations to the incident mono- 
chromatic X-ray beam. This condition is ensured by powdering the substance 
(filings being used in the case of metals and alloys), and spreading them into flat 
layers or placing them in thin celluloid containers. Rotation or oscillation will 
further ensure the random orientation necessary, and we would then have all the 
possible planes present at the required orientation @ to the incident beam so that 
reflection should result according to the Bragg relationship 


Te: basic principle underlying all powder methods of X-ray crystal analysis 


nA = 2d sin 0 


d being the spacing between geometrically like planes, 

A the wave-length of the X-rays used, and 

n the order of reflection obtained. 

Let us now consider the effect of a narrow circular beam of X-rays when 
incident upon a rod of powdered specimen situated at the centre of a circular 
camera (Debye and Scherrer method). Wherever it encounters a crystal plane of 
spacing d at a glancing angle @ such that the Bragg equation is satisfied, then the 
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ray will be reflected, the total deviation from its original path being 20. But owing 
to the haphazard distribution of the crystals, all orientations of the reflecting plane 
in question will be possible, and hence the reflected ray will not lie in one single 
plane but will form a cone of semi-vertical angle 26 about its incident direction as 
axis. [he intersections of these conical surfaces with the film, which is placed 
round the circumference of the camera, produce a series of curved lines symmetri- 
cally placed about the point of incidence of the direct beam. Measurement of the 
distances between these lines leads to the evaluation of the glancing angle @ and 
hence to the solution of the Bragg equation. 

For precise measurements it is necessary to take certain precautions and make 
various vital corrections. Some of the principal ones are enumerated below. 

(i) Since the breadth of the spectrum lines recorded is approximately equal to 
the breadth of the crystalline rod, inaccuracies often occur in the measurement of 
the inter-lineal distances owing to the difficulty of exactly determining the centre 
of lines not having sharp edges. 

(ii) Approximate measurements only can be made of the crystal-to-film dis- 
tance. This can be partially remedied by an exposure of some standard substance, 
such as sodium chloride, placed in a cylindrical container of dimensions identical 
with those used for the substance under analysis. A high order of accuracy cannot 
be obtained owing to the variation of the absorption properties of the substances 
used. 

(iii) An important error is that due to absorption, which has the elect OL 
making the calculated value of 6 greater than it should be. Corrections have been 
suggested from theoretical considerations by O. Pauli and by A. J. Bijl and N. H. 
Kolkmeyer®. Practical methods employing comparison of photographs with those 
of standard substances have been used by W. P. Davey and R. W. G. 
Wyckoff"°. If the powder used is pressed into the form of a flat layer, or if flat 
plates are used in the analysis of metals or alloys as in Weiss’s method, the dis- 
crepancies due to absorption are modified, but further sources of error are entailed 
by the new experimental arrangement. 

(iv) In Hull’s method, where flat sheets of the powder are used either in a 
compressed condition or between plane glass plates, and are placed normally to 
the X-ray beam, the errors due to absorption are negligible. However, for accurate 
measurements precautions must be taken to ensure that the thickness of the sheet 
is constant and that the surfaces are perfectly plane. 

(v) In Weiss’s method a plate of the metal or alloy is oscillated in the X-ray 
beam through any convenient angle. Errors will occur if the surface is not coin- 
cident with axis of the cylindrical camera. Corrections as suggested by A. Miiller“” 
must be applied. . 

(vi) In the above-mentioned powder methods it is necessary, in order to obtain 
satisfactory photographs, that the size of the crystal grains be small, that is, about 
o:1 mm. to 0-005 mm. If the crystals used are too large, the spectrum lines recorded 
will appear broken and disjointed, which further hinders the accurate location 
of the mid point during measurement of the inter-lineal distances. 
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(vii) Finally a great practical drawback in all of the above methods is the pro- 
longed exposure necessary, unless a powerful and therefore more expensive plant 
is used. 

We thus see that in order to arrive at precise determinations of crystal structures 
the observer must take special precautions in the preparation of his specimens and 
in the setting up of his instrument. He must then apply corrections to his calcu- 
lated results. The following paragraphs, however, describe a method of taking 
powder photographs without the encumbrance of the aforementioned sources of 


error. 


§2. PRINCIPLE OF METHOD 


Figure 1 represents diagrammatically the camera of the crystallograph. A 
monochromatic X-ray beam passes through the slit S and is incident upon the 
scattering substance placed along BC. Consider a ray striking the powder at the 
point B. This will be reflected from a lattice plane of 
spacing d and will record a spectrum line on the 
photographic film at the point P. The amount of 
deflection from its incident path, suffered by the ray, 
is equal to 26 according to the Bragg equation (1), 
that is 

ZL EBP = 20. 


From the geometry of the figure 
ABE =12 3 SGE, 
whence Z FCP = 28. 


Thus if a ray is incident at C upon a lattice plane 
of the same spacing d as at B, it will be reflected to 
the point P. Similarly for all points along BC. Hence 
all the rays which strike lattice planes of identical 
spacings will be deflected and focussed upon the same 
point P, where a sharp image of the slit should be 
expected. 

Again, from the geometry of the figure 


Z SOP = 40. 


Hence if p is the distance of spectrum line from 
slit (arc SP) and r the radius of the camera then 


p=40 |) ae (a); 


whence the glancing angle can be calculated. This value of @ substituted in the 
Bragg equation (r) will then give the spacing of the reflecting lattice plane. 
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§3. FORMATION OF THE SPECTRUM LINES 


The actual formation of the spectrum lines can be seen from the vertical 
projection ® as shown in the lower half of figure 1. Rays passing through the slit 
SS’ are incident on the scattering substance at B,B, ... B’, and will all be deflected 
at an angle 20. (We are considering only lattice planes of spacing 4.) The deflected 
ray will in each case, as in the Debye and Scherrer method, describe a cone of semi- 
vertical angle 20 about its incident direction, and will eventually intersect the film, 
forming curves A,A,...A’. The superimposition of these curves gives rise to the 
photographic image of shape P,P’RQ, but with a sharply defined edge P,P’ which 
corresponds to the common tangent of the curves and is geometrically defined 
by equation (2). This image formation is very well illustrated in figure 2 which is 
an untouched reproduction of an enlargement (x 5 approximately) of a spectrum 


line that was actually recorded on the crystallograph. The scattering substance in 


this case was a sheet of annealed metallic aluminium having its crystal grains 
larger than would be practicable with other powder methods. Even in this case 
the edge is broken, but its definition is sharp enough for accurate measurement. 

This edge does not always lie on the same side. As the glancing angle increases 
the breadth of the line decreases, as can be seen from the construction of figure 1, 
till a point is reached where 6 = 45°, that is, where the semi-vertical angle 2 of 
the intersecting cone = 90°. At this position the spectral line formed is a straight- 
line image of the slit. If the glancing angle is still further increased the breadth 
of the line will also be increased, but now the sharp edge will be on the opposite 
side. The turning-point is given by substitution in equations (1) and (2) 


N20, sis 
that is Cee NA) 2 ee (3), 
and also par Re awe Piers: (3 5). 


§4. COMPARISON WITH OTHER POWDER METHODS 


In order to facilitate direct comparison with other powder methods, the various 
factors affecting the accuracy of measurement will be dealt with in approximately 
the same numerical order as before. 

(i) The breadth of line does not affect the accuracy of measurement since 
readings are taken on one edge only. The breadth is, however, kept within certain 
limits so as to prevent diffusion of the edge. This is effected by using narrower 
slits and a narrower width B,B’ of the scattering material (cf. figure 1). 

(ii) No crystal-to-film distance need be measured. The only dimension re- 
quired is that of the radius of the instrument. This is permanently fixed and can 
be checked by taking an exposure of some standard substance of known lattice 
spacings, such as sodium chloride. 
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(iii) Results are unaffected by absorption, that is, by the varying depth of pene- 
tration of the X-ray beam. This is shown in figure 3 where the dotted lines represent 
the path of the reflected rays from the interior of the scattering medium. The geo- 
metric position of the sharp edge P is not influenced by the amount of penetration. 
This is demonstrated rather well in figure 2, where the images reflected from two 
layers of crystals can be clearly seen at P and P’. 

(iv) Care must be taken to ensure that the whole surface of the reflecting 
material lies on the circumference of the camera. In the case of metallic sheets 
this condition is easily fulfilled by bending the metal into an arc of the required 
radius. Powders, however, may be either compressed into the requisite shape or 
painted on a specially provided powder holder. The latter is a glass plate which 
has its face ground to a concave cylindrical curve of radius equal to the focussing 


radius of the camera. 


Fig. 3. Fig. 4. 


(v) There is no need to provide for the oscillation or rotation of the specimen, 
as the whole surface lies in the beam of the incident X-rays. 

(vi) The range of crystal-grain size is shifted to a higher limit. 

(vii) The exposures are greatly reduced. For example the powder photograph 
of copper filings was taken in 45 seconds with monochromatic CuK, radiation 
generated by a Shearer tube working at peak voltage of 70,000 volts and a slit 
width of 0-07 mm. 

(viii) A very necessary precaution is to ensure that the slit edge S, figure 4, 
is permanently fixed coincident with the circumference of the camera. The size of 
slit-width will then not affect the accuracy of readings since the sharp edge corre- 
sponds only to the position of S (ef. figure 4). 


§5. GENERAL CONSTRUCTION OF THE CRYSTALLOGRAPH 


A diagrammatic reproduction of the general assembly of the crystallograph 
camera is shown in figure 5. In figure 6 it is shown in the dismantled condition. 

The camera itself is constructed in the form of a shallow cylinder 1 which is 
44cm. in height and 4-5 cm. in radius, A portion is cut away to form an angular 
recess for accommodating the anticathode end of a Hilger-Shearer X-ray tube. 
The relative position of the tube is fixed by four locating studs 4, 6, 9, II, one of 
Which a, 41s adjustable. Once the correct position of the tube is found, its location 
1s permanently secured by seeing that the anticathode end is making proper contact 
with all four studs. A great advantage which arises in having the crystallograph 
designed expressly for use with the Shearer X-ray tube is that we thus obtain a 
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A, powdered sodium chloride, exposure 20 min. } 
C, copper filings, exposure 5 min. } 
zine sheet, exposure 5 min. ; 


Fig. 7. Typical crystallograms. 
B, powdered zinc oxide, exposure 10 min. ; 
D, aluminium sheet (annealed), exposure 5 min. ; i, 
F, tungsten filings, exposure 10 min.; G, lead filings, exposure 30 min, 
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maximum intensity of the incident X-ray beam, since the anticathode of the tube 
is directly behind its window which is itself almost in contact with the slits, figure 5. 

The slit system consists of two brass jaws 5, 8 tipped with a bismuth-lead alloy 
and cut obliquely at angle of 30° to form knife-edges. The slit jaw S is permanently 
fixed, whilst slit jaw S, is adjustable by hand. A set of slit gauges is used for setting 
to the required aperture and the slit jaw S, is secured in position by two screws. 
A lead stop b prevents fogging of the film by direct or scattered radiation from the 
slit system. The glass specimen holder C, 13, 14, previously described, fits into the 
side of the camera and is secured by a light-tight cover d, 15 and two screws eé, 7, 10. 


cc} 


Fig. 6. Hilger crystallograph. 


The photographic film is 17 cm. long and 2:5 cm. wide; it has one end punched 
with two accurately gauged holes and is then fitted on the two small pegs which 
locate it in the camera. It is then wrapped around the circumference of the camera 
and rests on the cylindrical surfaces 2 on either side of a wide annular slot 3 through 
which it is exposed to the reflected rays from the scattering medium on the powder- 
holder. A light-tight brass cover f, 16 clips the film into position and holds it 
firmly in place. 

The camera is provided with a light-tight brass cover plate 12 and is mounted 
on a firm tripod stand provided with levelling screws, at such a height that the 
window of the Shearer tube is level with slit of the crystallograph. 


§6. THE INTERPLANAR SCALE 
Since the constants of the instrument are permanently fixed, it has been possible 
to devise a method of superimposing an interplanar scale upon the crystallogram. 
We get by substitution for 0 from equation (2) in equation (1) 
djn = Nita sin (p]47)} 
that is drmln = Alfa sin (p/4r)} tes (4), 
where d,,; is the spacing between like planes whose Miller indices“ are h, k, /. 


dy, kl 
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The scale was calculated from the above relationship between dyin and p 
and gives value of d,;;/n at every point of the film. It was assumed that filtered 
Cu-radiation (A = 1°54 A.U.) had been used. This condition is obtained in practice 
by using a Shearer X-ray tube fitted with a copper anticathode and a nickel-foil 
window. The interplanar scale is contained in a separate printing-frame provided 
with two film-locating pins so placed as to correspond approximately to a similar 
pair fixed in the camera. After exposure in the crystallograph the film is removed 
in a dark-room and placed in the printing-frame. The interplanar scale is then 
printed on to the negative by exposure to white light for a fraction of a second, 
and development brings it up together with the crystallogram. 

A screw adjustment is provided for the exact setting of the scale. This can be 
done by using any standard substance of known spacings and then setting the scale 
readings, by the method of trial and error, to coincide with the theoretical values 
of dyy,/n of the lines obtained on the crystallogram. Sodium chloride is most 
frequently used as the standard and the lines usually chosen for setting are given 
in table 1. 


Table 1. 
Sodium chloride (a) = 5°628 A.v.) 

Reflecting plane ; 
hkl (n) * a | 
IIo (2) I°QQI 
Tir et) 1°625 
100 (4) 1407 
120 (2) 1°259 
LIS Aa) 1149 | 
Iro (4) 0°995 | 
100 6((6) 0°938 | 


‘Typical crystallograms are shown in figure 7. These were taken with copper K, 
radiation obtained from a Hilger-Shearer X-ray tube having a nickel-foil window 
and fed with.about 5 mA. from a transformer working at a voltage of about 60 kV. 
r.m.s. A slit-width of o:t mm. was used, and the exposures given were in excess 
of that normally required so as to ensure better printed reproductions. 


§7. THE CUBIC-CRYSTAL ANALYSER(:3) 


The cubic-crystal analyser has been constructed from consideration of the 
simple cube lattice as shown in figure 8 (1). This cube is taken as the fundamental 
basis of development of all other cubic structures which are encountered in 
crystallography, and which are obtained by the addition of lattice points in various 
symmetrical positions. ‘Thus we get the body-centred cube figure 8 (2), and the 
face-centred cube, figure 8 (3); but whatever the cubic struchare the mieastineeeie 
of the length a, offers a wnique specification of the substance ialdersolice investigation. 


* 'The values of (n) as given i 
given in column 1 have not been c 
or i 
structure of the elementary cube. See § 8. en a 
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The spacing of geometrically like planes parallel to the plane (A/) is given by 
Ci SEIS 2 ee (5). 
Now in practice with powder photographs it is found that the value of d;,,; is 
derived from a knowledge of the constants in the Bragg equation (1) 


RN == 20,4, sin 0, 


provided of course that the order of the spectrum considered is known. But this 
is not always determinable at sight, and hence solutions are found primarily for 


Dy x1/N- 


Fig. 8. 


Rewriting equation (5) we get 
Ayxy|n = Ag[n (h® + R? + De 
that is TU 2 CL), a meee (6). 


Integral values being assigned to h, k, J and 7, it has been possible to obtain a 
series of plots showing the linear relationship between a, and dyyz/n for all the most 
probable crystal planes of reflections in various orders, 100 (ier (3) etc. Uhis 
was the simple process employed in the construction of the analyser, figure 9. 


§8. ANALYSIS OF CUBIC CRYSTALLOGRAMS 


The method used is applicable to crystal structures having cubic symmetry, and is 
similar to that employed by Hull and Davey“ for determining the indices of the 
reflecting planes in hexagonal and tetragonal structures from graphical charts. 
A strip of paper is scaled off identically with that of the abscissae of the analyser. 
Values of d,,,/n for the various powder lines recorded are read directly by means 
of the interplanar scale and then inscribed along one edge of the paper strip. The 
latter is then moved parallel to the horizontal axis with the zero mark always on 
the vertical (a)) axis until a position is found where there is a full coincidence 
between the curves on the graphical plot and the markings on the paper strip. 
(Figure 9 demonstrates coincidence of lead lines.) The indices of the reflecting 
planes are read off directly, whilst the size of the unit elementary cube is obtained 
from the point of intersection of the strip edge with the vertical (a) axis. 

The value of m given by the curves must not be confused with actual order of 
spectrum line obtained, since the analyser was constructed solely from considerations 
of the elementary unit cube without allowance for the internal distribution of the 
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lattice points. This is by no means an objection to the use of the analyser, since it 
provides a method of identifying the various cubic structures by noting the 
different orders of reflection given by the analyser; for from a comparison of the 
interplanar distances of types of cubic structures indicated in figure 8, we obtain 
for the principal reflection planes (100), (110) and (111): 


Elementary cube. Gino; iy = 25 25 Gin = Gy V3 os (Gay 
Body-centred cube (B-c). dyyy = @/2; dy = lV 25 Ary = l2V/3 --2- (8). 
gce-centred cube (Pc). “digg = Gy/23 dug = 4/2/23 din = &//3. ;----- (9). 


Thus from the above expression it can be seen that: 


(1) doo for the B-c and F-c structures is half that for the elementary cube. 
Hence first-order reflection for B-c and F-c structures from (100) planes will 
coincide with second-order reflection for an elementary cube; the second-order 
for B-c and F-c structures with fourth-order for elementary cube, and so on. ‘Thus 
the analyser will not show any odd order reflections from (100) planes of B-c and 
Fc structures. 


(ii) Similarly since d,,) for /-c structures is half that for the elementary cube, 
no odd order reflections will be shown by the analyser for (110) reflections from 
F-c structures. 


(iii) And since d,,, for B-c structures is half that for the elementary cube, no 
odd-order reflections will be shown by the analyser for (111) reflection from B-c 
structures. 


It is thus possible to formulate a double rule for distinguishing between B-c 
and F-c structures when the orders of the various reflections are read from the 
analyser. 


Rule 1. If for 100 (m) and r10 (n) reflections odd values of m are missing, the 
structure is probably F-c. 


Rule 2. If for 100 () and 111 (n) reflections, odd values of m are missing, the 
structure is probably B-c. 


Once the structure is known, the correct value of n is determinable if required. 


§9. PRACTICAL ILLUSTRATIONS 


The analysis of crystallograms was quickened by use of a special 7-square 
which obviated the necessity for transferring readings of d,,,/n on to a strip of 
paper. This 7-square was fitted with a celluloid scale which was an exact replica 
of and coincident with the d,,,/7 scale of the graphical plots. Moving steel pointers 
were provided for setting to the readings of the powder lines, and the point of 
coincidence was found by moving the 7-square along the edge of a drawing-board 
upon which the analyser was mounted. 
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Table 2. Lead filings (figure 7 G). 


Spacing given by | Reflection plane 
interplanar scale | given by analyser 
dyajn (bv. | hkl (n) | 
sbeape Trio (2) | 
1°481 Tra ey 
1422 | Tie (2) 
Oa. 100 6(4) 
eS; | 133 (1) 
I'I03 120 (2) 
T4015 Le ee 
0956 | I1r (3) 


Possible planes missing include 100 (3), 110 (3), 100 (5). Full coincidence was 
obtained at a, = 4:92 A.u. Result of analysis: F—c structure, a, = 4°92 A.U. 


Table 3. Tungsten filings (figure 7 F). 


Spacing given by Reflection plane 
interplanar scale | given by analyser 
dyzy/n (A.U.) hkl (n) 

2222, tz0 ©6{) 
1°58 100 (2) ) 
I'29 Fi) ED | 
sal 110 (2) 
I:008 430° (x) 
o-918 Ire (3) 


Possible planes missing include 100 (3), 111 (1). Full coincidence was obtained 
at a, = 3°16 A.u. Result of analysis: B-c structure, a, = 3:16 A.U. 


§r0. CONCLUSION 


The instrument here described simplifies the technique of X-ray crystallo- 
graphy. Owing to the focussing action, the time of exposure can be decreased to 
such a value that the utility of X-rays for commercial analysis is enhanced. The 
interplanar scale eliminates hours spent in calculation, and in combination with 
the cubic-crystal analyser enables a complete analysis of most substances having 
a cubic structure to be made in less than ro minutes. The accuracy of the method 
is greatly dependent upon the accuracy of the machining of the instrument. But 
if the instrument is calibrated by taking an exposure of some standard substance 
of known lattice spacings, analysis can be made quite easily with errors less than 
I in 400. 


(r) 
(2) 
(3) 
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ABSTRACT. A new and convenient form of apparatus is described for the measurement 
of liquid-transport produced by the application of an electric field across a diaphragm of 
parchment paper. Results obtained with solutions of copper sulphate over the concentra- 
tion range 0-0005-normal to 1-normal are compared with corresponding results obtained 
previously, by the author, with a diaphragm of powdered glass. ‘The liquid-transport per 
faraday with the parchment diaphragm decreases strongly with increasing concentra- 
tion up to o-2-normal, but maintains practically a constant value over the concentration 
range o-4-normal to 1-normal. This value is compared with that deduced for the 
electrolytic water-transport per faraday from the values of the experimental Hittorf trans- 
port number; and evidence is adduced indicating that there is no increase in the electrolytic 
water-transport per faraday with decreasing concentration from o-4-normal. The data for 
the solutions over the concentration range 0-o005-normal to o-2-normal appear to be 
consistent with the hypothesis of a composite effect produced by a constant electrolytic 
water-transport per faraday (of the same magnitude as the observed transport per faraday 
over the concentration range 0:4-normal to 1-normal) and bya specific (electro-endosmotic) 
action of the parchment diaphragm. The determination of electrolytic water-transport is 
utilized to correct the values of the experimental Hittorf transport number obtained from 
the data of Hittorf and Metalka. The true transport number in the case of copper sulphate 
solutions decreases with decreasing concentration from 1-normal, but the values at con- 
centrations 0°125-normal and less appear to be little different from that at infinite dilution. 


§x. INTRODUCTION 


HE flow of liquid in electro-endosmosis appears to be determined by the move- 
ment of the free ions of the electrical double layer formed, according to the 
classical theory*, at the interface diaphragm-aqueous solution+. In the case of 
a diaphragm of powdered glass and aqueous solutions of copper sulphate, the author 
showed in a former paper{ that the number of free ions (as indicated by their charge) 
decreased strongly with increasing concentration of electrolyte; at concentrations 
above o-005-normal no free charge could be detected. The liquid-transport per 
constant applied voltage across the diaphragm also decreased strongly with in- 
creasing concentration, but there was still a considerable flow at concentration 


* Helmholtz, Wied. Ann. 7, 337 (1879). 

t See J. O. W. Barratt and A. B. Harris, Biochem. $. 6, 315 (1912); and J. W. McBain, Trans. 
Faraday Soc. 16 (Appendix), 150 (1920). 

t H.C. Hepburn, Proc. Phys. Soc. 39, 99 (1927). 
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0:005-normal; and over the concentration range 0:005-normal to o:5-normal the 
rate of flow per constant applied voltage was not appreciably changed. 

In view of the evidence adduced as to the neutralization of the free charges of 
the diaphragm, it was concluded that electro-endosmosis ceased to play a prominent 
part at concentration o-005-normal. The liquid-transport per faraday over the con- 
centration range 0:005-normal to 0-1-normal showed a linear relation, when plotted 
against dilution, similar to that given by the data of Remy* for aqueous solutions 
of potassium chloride with a parchment diaphragm; and the suggestion was made 
that the data for the copper sulphate solutions of concentrations 0-005-normal and 
above appeared to be characteristic of electrolytic water-transport, i.e. of the water- 
transference which occurs during the ordinary process of electrolysis. This sugges- 
tion was based largely on the conclusion of Remyt and others that parchment paper 
appears to form a suitable partition for the measurement of electrolytic water-trans- 
port. 

It seemed desirable, in order to confirm the above suggestion, to obtain data for 
the transport in the case of a parchment diaphragm and aqueous solutions of copper 
sulphate. The present work is devoted to this end; and the question of the electro- 
lytic water-transport is further investigated. A new and convenient form of 
apparatus of considerably greater sensitivity than that of the earlier apparatus has 
been devised, and a more precise regulation of working temperature has been secured 


by immersion of the apparatus in an electrically heated water-bath with thermo- 
static control. 


So. UH EAP PAR AIS Ss 


The apparatus was constructed mainly from hard glass tubing, 3 cm. in 
diameter. The two tubes A, A’, figure 1, each 14 cm. long, carried side-pieces B, B’. 
The extremities of the side-pieces were formed into projecting flanges, the surfaces 
of which were ground to fit one another. The cup-like bases of the tubes A, A’ 
served to collect any insoluble products of electrolysis formed at the electrodes, e.g. 
the black colloidal substance formed at the cathode in the case of the more dilute 
solutions of copper sulphate. A capillary tube C’, about 25 cm. long, was joined to 
the tube A at C; the capillary was approximately 1 mm. in diameter, calibration with 
a thread of mercury giving the volume per cm. as 0:01127 cm.® The tube 4 was 
widened slightly at the top to carry the hollow glass stopper D, the surfaces of con- 
tact being ground to provide a good joint. The tube E was joined to the lower end 
of the stopper and the short tube F to the upper part, the ends of both tubes being 
open and permitting a length of wire to be passed through the stopper. 

The electrodes, which consisted of lengths of electrolytic copper wire (1 mm. 
in diameter) wound into the form of flat spirals with straight projecting pieces about 
11 cm. long, were practically identical with those employed in the previous workf. 
The straight piece of one length of wire was passed through the tube F of the 
stopper until it emerged at P, leaving the spiral projecting from the end of F. ‘The 


* Z. Elektrochem. 29, 365 (1923). Te OC. Clits ¢ H.C. Hepburn, Joc. cit. 


PHYS.SOC. XLIII, 5 315) 


526 | H. C. Hepburn 


wire was then cemented into the tube E with F araday cement, the eee of ee 
spiral being regulated so that its centre lay in the axis of the side tube Ww ie * 
stopper was in position. The stopper was finally turned to bring the plane o : 
spiral normal to the axis of the tube B, and the position was recorded by means 0 

scratches on the stopper and on the adjacent part of the tube 4. A similar electrode 
in the tube A’ was carried by the stopper G. This stopper was pierced with holes 


so as to leave A’ open to the air. rs 
The use of a stopper, in place of a tap, to close the tube A facilitates the filling 


OD Ftp os S 4. 7°35 
———— EEE SS 
Centimetres 


Fig. 1. The apparatus. 


and emptying of the apparatus, at the same time providing a convenient means of 
introducing the electrode which may readily be removed for cleaning. It is possible, 
moreover, as explained later, to dispense with a lubricant at the joint, the risk of 
contaminating the solution being thus avoided. 

The diaphragm consisted of a disc of parchment paper large enough to cover the 
projecting flange of the tube B or B’. The disc, after examination to ensure freedom 
from flaws and pinholes, was wetted with distilled water and placed over the flange 
of the tube B. The two flanges were then brought together by means of stout rubber 
bands which were passed round the tubes 4, A’; and the projecting edge of the 
parchment disc (representing the expansion on wetting) was cut off with a sharp 
knife. Hot molten dental (sticky) wax was then applied to the joint of the two 
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flanges ; the two parts of the apparatus thus being cemented together, the flanges 
holding the parchment disc tautly in position. Dental wax was adopted after trials 
with several cements ; it was found to provide a strong and waterproof joint, at the 
same time eliminating the possibility of electrical leaks at the joint—a frequent 
source of trouble*—when the apparatus was placed in the water bath. 


§3. EXPERIMENTAL 


After the fixing of the parchment diaphragm the apparatus was at once filled 
with the most dilute copper sulphate solution (0-0005-normal) in the range selected 
(0-0005-normal to 1-normal), a long-stemmed funnel being used for this purpose 
to avoid the introduction of air bubbles. The process of filling and emptying the 
apparatus was several times repeated, a quantity of solution being allowed to flow 
through the diaphragm under a hydrostatic pressure head. After the final filling the 
stopper D was placed in position, care being taken to avoid the formation of air 
bubbles under the stopper. The channel between the stopper and the top of the 
tube A was dried with filter paper and then filled with rubber solution. Finally the 
level of the solution in the tube A’ was adjusted to that of the capillary, and the 
apparatus clamped in a thermostat tank of capacity 50-60 litres. he apparatus was 
allowed to remain in the tank for 24 hours to ensure equilibrium between the dia- 
phragm and solution, a coating of rubber meantime forming over the stopper and 
providing an airtight joint. 

As a preliminary to the measurement of liquid-transport the apparatus was tilted 
to deliver drops from the capillary tube, until finally, when the capillary was 
restored to the horizontal, the liquid ran back to a point in the tube. ‘The subsequent 
movement of the meniscus when an electric field was applied at the electrodes 
furnished a measure of the liquid-transport through the diaphragmf. 

A rigorous cleansing of the capillary was found to be necessary to avoid the 
tendency of the meniscus to cling to the walls of the tube. The tube was treated 
first with benzene and then with alcohol, and finally was allowed to dip into a mix- 
ture of chromic and nitric acids for some days. Further subsequent treatment with 
hot chromo-sulphuric acid was needed also in the intervals between the flow 
measurements. 

Preliminary experiments showed that the meniscus, after coming practically to 
rest after the delivery of drops from the capillary tube, began to move slowly to- 
wards the end of the tube. This “‘slow ” flow, the magnitude of which was found to 
depend on the mechanical resistance of the diaphragm, was evidently produced by 
a small pressure-head developed in the apparatus. The flow through the diaphragm 
due to the application of an electric field at the electrodes was taken as the dif- 
ference between the observed flow when the field was applied and the “slow” flow 
previously observed. 

The experimental method adopted was to bring the meniscus initially to or 


* See F. Fairbrother and H. Mastin, ¥. Chem. Soc. 125, 2322 (1924). 
+ Cf. J. Perrin, ¥. Chim. phys. 2, 617 (1904). 
35-2 
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below the point 4-00 cm. on the engraved scale attached to the capillary tube. The 
meniscus, after traversing at least 1 cm. of the tube, was then timed by stop watch 
over the half-centimetre from 5-50 to 6:00, a lens being used in this and the following 
measurement to locate accurately the positions on the scale. The current, which was 
derived from a battery of storage cells, was switched on immediately the meniscus 
had passed the point 6-00, and the time taken to traverse the centimetre from 7-00 
to 8-00 observed; the time for the half-centimetre 7-00 to 7:50 also was ob- 
served, but without the stop watch being stopped. The velocity of liquid-transport 
due to the applied electric field was taken as the difference between the rate of flow 
over the length 7:00 to 8-00 and that over the length 5-50 to 6-00. (N.B. The rate of 
“slow” flow was found by preliminary experiment to be practically uniform over 
the length 5:50 to 8-00 of the capillary.) 

Measurements of liquid-transport were made with the solutions in order of in- 
creasing concentration, the procedure indicated in the preceding paragraphs being 
followed. At each concentration the rate of flow for the half-centimetre 7-00 to 7-50 
was compared with that for the next half-centimetre 7-50 to 8-00, the determination 
being rejected if a difference greater than 2 per cent. was disclosed ; in actual practice 
the difference rarely exceeded 1 per cent. In the event of the difference exceeding 
2 per cent. the apparatus was refilled with fresh solution and the measurement re- 
peated after the apparatus had remained in the thermostat tank for a further period 
of 24 hours. Successive determinations also were made, as described, to confirm 
that results could be reproduced. 

The method described for applying a test of consistency, in preference to re- 
petition of the measurement without change of solution, was adopted in view of 
the earlier work of the author which indicated that a progressive disturbance in the 
rate of liquid-transport, possibly as the result of concentration changes, etc. in the 
region of the electrodes, often arises when a measurement is several times repeated 
or when the current from the battery is repeatedly reversed. In view of the possi- 
bility of such disturbance the time of observation was reduced to a minimum, and 
the electrodes were placed at some distance from the diaphragm. 

The mean current through the diaphragm was obtained from observations made 
with the meniscus at the beginning and end respectively of the timed centimetre ; 
no appreciable variation in the current was, however, observed during the transit. 
The current value at a given concentration was approximately the same as that with 
the powdered-glass diaphragm, e.g. 03367 amp. with the parchment diaphragm 
and 0-3140 amp. with the powdered-glass diaphragm in the case of normal copper 
sulphate solution. 

In order to ensure that there was no thermometric effect due to a change in 
temperature during the course of a flow-measurement the thermostat tank was 
heavily lagged with felt, and the water surface of the tank covered with a layer of 
ik auteat RR ae cc rae evaporation, The tank temperature 
Pres ance Steer =i “ 1” C, by means of an electrical device similar 

y Clack and Jarvis*; matters being so arranged, to avoid 
* F. Sct. Inst. 4, 330 (1927). 
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thermometric effects, that no heat was supplied to the tank immediately before or 
during the course of the flow-measurements. As certain of the observations were 
made in the summer months, it was not practicable to adopt a uniform working 
temperature of 18° C., and the determinations of liquid-transport at concentrations 
0-0005-normal to 0-2-normal were made at temperatures in the range 18-4° C. to 
21-4°C. Control experiments with solutions of these concentrations indicated, 
however, that the variation in the liquid-transport per faraday over the temperature 
range 18-0° C. to 21-4° C. is less than the limit of experimental error (between 1 


-and 2 per cent.) in the flow-measurements. The measurements over the concentra- 


tion range o:4-normal to 1-normal were made at temperatures within 0-1° C. of 
13-0.-C. 

A thermometric action arises in consequence of the heating effect of the current 
on the solution between the electrodes. The energy developed between the elec- 
trodes, which is almost completely liberated in the form of heat, is proportional (per 
unit time) to the product of the current and the applied voltage. In the flow- 
measurements already described a constant voltage was applied over the whole 
range of concentrations investigated, the thermometric action due to the heating 
effect of the current being practically constant when expressed as a flow per faraday. 
The magnitude of the correction was determined by means of control experiments 
in which the liquid-transport was measured with the current in the reverse direction 
from that previously adopted, correction being made for the “slow” (gravitational) 
movement referred to earlier. The thermometric action, which had previously 
assisted, then opposed the flow, the correction being given by half the difference 
between the two corresponding values of the liquid-transport per faraday. Measure- 
ments with o-or-normal and 1-o-normal solutions gave the values 41-0 and 40-4 
respectively for the heating correction in cm.3/faraday. These values are in satis- 
factory agreement, and a mean correction of 40-7 cm.3/faraday has been adopted. 
The correction of 40°7 cm.? gives a value of 30-0 cm.3/faraday as the true liquid- 
transport with normal solution. In order to confirm this value, further measure- 
ments similar to those already described, but in which a lower current value (0:0993 
amp. in place of 0:3367 amp.) was adopted, were made with normal solution. The 
values obtained in two sets of measurements for the true liquid-transport per 
faraday were 30°8 cm.* and 30-4 cm.? respectively, which are in satisfactory agree- 
ment with the value (30-0 cm.®) relating to a current of 0:3367 amp. 

The direction of liquid-transport throughout the whole range of concentrations 
investigated was from anode to cathode as in the case of the powdered-glass dia- 
phragm. 

§4. RESULTS AND CONCLUSIONS 


The experimental results are given in table 1. 1/Tm (reciprocal seconds) is the 
reciprocal of the observed time of liquid-transport per 1 cm. of the capillary tube, 
less the correction 1/T,, T, being the time of “slow” flow per cm. for the gravi- 
tational movement. The liquid-transport in cm.3/faraday (v;) is calculated from the 
expression [(1/Tm) (1/Im) (0°01127) (96,540)] — [40°7], Lm being the mean current 
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through the diaphragm in amperes, and o-o1127 the volume of the capillary in 
cm.® per cm. The deduction of 40-7 cm.* represents the correction for the heating 
effect of the current referred to in § 3. The values obtained by the author* for the 
liquid-transport per faraday in the case of the powdered-glass diaphragm and 
solutions of copper sulphate are added for purposes of comparison. 

Comparison of results with diaphragms of parchment and of powdered glass. It will 
be seen from table 1, columns 4 and 5, that the values of the liquid-transport per 


Table 1. 
Concentration : Ae re 
of CuSO, Mean Reciprocal 1/T i, Liquid- Liquid- 
(gm.-equiv./ current J, of time of flow | transport v; transport Uy 
litre) (amp.) per cm. (cm.?/faraday) | (cm.*/faraday) 
Parchment Parchment Parchment Powdered-glass 
diaphragm diaphragm diaphragm diaphragm 

0'0005 "000684 “OOI412 2201 324100 
O'00I "001484 "002054 1464 202500 
0:002 "002549 "002884 1190 72100 
0'005 "00572 "004363 789 18340 
O'O1 “01049 "005252 | 504 9320 
O'o14 ‘01380 "005752 413 = 
0°02 "01848 ‘O06131 320 4754 
0°03 "02524 "006397 | 235 — 
0:05 ‘03705 -006066 137 / 2276 
orl 0654 “007076 76°9 1238 
o2 “1070 -007823 388 680 
O74 *1845 ‘o1198 29°9 — 
O°5 "25n3 *01356 29°1 330 
06 "2465 “01570 28-5 | — 
0:8 -2860 -01837 29°1 ——e 
I‘0 "3367 “02189 30°0 t 


t No perceptible flow obtained. (N.B. The apparatus employed was not designed for the 
measurement of slow rates of flow.) 


faraday with the powdered-glass diaphragm are considerably greater than those 
with the parchment diaphragm, even over the concentration range 0-005-normal to 
O° 5-normal ; and if we conclude that the parchment diaphragm exerts only a small 
influence on the liquid-transportt it seems necessary to postulate a specific action 
of the powdered-glass diaphragm on the flow at concentrations of 0-00 5-normal or 
more. In view, however, of the evidence adduced in the former paper as to the 
neutralization of the free charge of the powdered-glass diaphragm at a concentration 
approaching 0-005-normal, no material part of the liquid-transport obtained 
with further increase in concentration can apparently be attributed to electro- 
endosmosis in the sense of the surface phenomenon discussed by Helmholtz §; the 
action of the diaphragm then appears to be mainly of a mechanical rather than 
electrical character. The author hopes to pursue this question further in a subse- 
quent investigation, 


* H.C. Hepburn, Joc, cit, 


ae { This question is further considered below (page 534). 
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The relation between the liquid-transport per faraday and the dilution of the 
electrolyte in the case of the parchment diaphragm and the solutions of copper sul- 
phate is shown graphically in figure 2. The apparent discontinuity between dilutions 
to and 20 (see figure 2 A) is considered below (page 534). 
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Fig. 2. Liquid transport per faraday (N.B. 
An enlargement of the lower part of 
the CuSQO,-parchment curve appears 
in Fig. 2A). 


The values of the liquid-transport per faraday over the dilution range 20 to 1000 
lie satisfactorily on a smooth curve, though the value for dilution 2000 lies above 
the extension of the curve; but there is no linear relation as in the case of the powdered- 
glass diaphragm and copper sulphate solutions of dilutions 10 to 200 or of the parch- 
ment diaphragm and potassium chloride solutions of dilutions 10 to 100 employed 
by Remy*. A curve of type similar to that relating to the parchment diaphragm and 
the copper sulphate solutions of dilutions 20 to 1000 is given, however (see figure 2), 
by the data of Barratt and Harrist for a parchment diaphragm and cupric chloride 
solutions ; the values of the liquid-transport per faraday in the latter case are lower 
than those relating to the copper sulphate solutions. A result similar to that found 
with the powdered-glass diaphragm has been obtained by Boutaric and Doladilhey 
in measurements of liquid-transport through a porous pot in the case of copper 
sulphate solutions of dilutions 100 or less. Boutaric and Doladilhe report that the 
liquid-transport is proportional to the current and to the electrolyte dilution; the 
data for the powdered-glass diaphragm over the dilution range 100 to 200 lead to 
approximately the same result. 

Bearing of the data obtained with the parchment diaphragm on the electrolytic 
water-transport and comparison with other data. It is evident that in migration 
experiments where a parchment partition is interposed in the current path, as in the 
present work and in the work of Remy and others, the results will not give a satis- 


SOCACHE. + Z. Elektrochem. 18, 221 (1912). t Compt. Rend. 187, 1142 (1928). 
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factory indication of the electrolytic water-transport unless the specific influence of 
the parchment partition on the liquid-transport can be neglected. 

The work of Bein* and Hittorf} indicates that a parchment diaphragm is of little 
influence, especially with solutions of the alkali salts. Remy] and Baborovsky § have 
recently concluded, however, that even with parchment the specific influence of 
the diaphragm cannot in general be neglected at concentrations below normal. 
Baborovsky|| has attempted to apply a correction for the diaphragm effect, but 
without success. 

It thus appears to be desirable, in order to obtain some confirmation of the 
estimates of electrolytic water-transport given by the results of the parchment 
diaphragm method, to make a comparison with the results of an independent 
method. This has been effected with fairly satisfactory results in the case of normal 
solutions of hydrochloric acid and of certain alkali chlorides by means of the Nernst 
method of indifferent reference-substance@]. Comparison over an extended range 
of concentration is not, however, possible, as determinations by the indifferent- 
reference-substance method have only been carried out at comparatively high con- 
centration. Moreover, no comparison is practicable in the case of solutions of the 
copper salts owing to the difficulty in finding a suitable reference-substance which 
would not interact with the Cu- ion. A similar difficulty arises when we attempt to 
find a basis of comparison in the results of an indirect method, such as that of 
distribution**, 

In view, however, of the general conclusion of Remy and Baborovsky++, which 
is based on results obtained with solutions where independent confirmatory evidence 
is available as to the magnitude of the electrolytic water-transport, it seems probable 
that the specific (electro-endosmotic) effect of the parchment diaphragm may be 
neglected in the case of normal copper sulphate solution. It will be observed, 
moreover (see table 1) that the liquid-transport per faraday maintains practically a 
constant value over the concentration range 0-4-normal to 1-normal, but decreases 
strongly with increasing concentration (a characteristic of electro-endosmosis) in the 
case of concentrations below 0-4-normal. This latter result suggests that the specific 
effect of the parchment diaphragm may be neglected in the case of solutions of 
0-4-normal and higher concentrations. 

The mean value of the liquid-transport per faraday (29-3 cm.= 1-63 mols) over 
the concentration range o-4-normal to 1-normal is considerably less than that (4-10 
mols) deduced for the electrolytic water-transport per faraday from the values of the 
experimental Hittorf transport number, The calculation from the values of the 
Hittorf transport number is based on the relation x — dn/dc, deduced by Riesenfeld 
and Reinhold{t from equation (1) on page 535, x being the electrolytic water-trans- 

* Z. Phys. Chem. 28, 439 (1898). 

t Ibid. 39, 613 (1902); 43, 237 (1903). 

t Trans. Faraday Soc. 28, 383-385 (1927). 

§ Z. Phys. Chem. 129, 129 (1927); Coll. Czech. Chem. Comm. 1, 315 (1929). 


Il Loe, ett, @ See H. Remy, Trans Faraday Soc. 28, 38 
¢ ae . ry - 23, 382, 383 (19 ae 
** See J. N. Sugden, ¥. Chem. Soc. 174 (1926). ‘ 383 (1927) 


Loc. cit. 
tt Z. Phys. Chem. 66, 672 (1909). a 
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port in mols per faraday, n the Hittorf transport number, and c the concentration in 
equivalents per mol. The difference between the two results appears to be due to the 
fact that the true transport number is not independent of concentration as required 
by Riesenfeld and Reinhold’s expression for «. This question is further considered 
Bip» 535+ 

Dependence of the electrolytic water-transport per faraday on the electrolyte con- 
centration. The electrolytic water-transport per faraday has been shown to be de- 
pendent on the transport numbers and the difference in the hydration of the anions 
and cations of the electrolyte*. The ionic hydration may be considered as including 
also the water which is carried along by the ions in consequence of the frictional 
forces due to (i) the impact of the ions on the surrounding water moleculest, and 
(ii) the electrophoresic effect of the so-called ionic atmosphere]. 

Taylor and Sawyer§ have pointed out that notwithstanding the divergent 
estimates of the actual number of water molecules associated with or influenced by 
any specific ion, the opinion seems to prevail that this number is only slightly, if at 
all, influenced -by concentration. In the general case of solutions of the sulphates, 
however, the distribution-measurements of Sugden||, made over the concentration 
range 2-normal to o-1-normal, indicate some diminution in the associated water 
with decreasing concentration; but this result must apparently be accepted with 
reserve in view of the secondary actions, such as that of depolymerizing action on 
the solvent, probably associated with the method of distribution. 

The true transport number of the anion in the case of copper sulphate solutions 
of concentrations 1-normal and below appears to diminish with decreasing con- 
centration (see page 536). This effect, corresponding to an increase in the transport 
number of the cation, would tend to increase the liquid-transport (which is directed 
towards the cathode) and to oppose the effect of diminution in the magnitude of the 
associated water suggested by the results of Sugden. The resultant action, viewed 
in relation to the observed liquid-transport per faraday over the concentration range 
1-normal to o-4-normal, appears to produce little variation in the magnitude of the 
electrolytic water-transport per faraday. At 0-125-normal or lower concentrations 
the values of the true transport number appear to be little different from that re- 
lating to infinite dilution, the general evidence then pointing to a constant or slightly 
diminishing value of the electrolytic water-transport per faraday with decreasing 
concentration. 

Further evidence regarding the dependence of the electrolytic water-transport 
per faraday on the concentration may be adduced from a consideration of the linear 
relation between the Hittorf transport number and the concentration, referred to 
on page 536. Comparison with equation (1) shows that the linear relation, which 


* See W. Nernst, Theoretical Chemistry, p. 447 (1923): 

+ Cf. F. A. Lindemann, Z. Phys. Chem. 110, 394 (1924). Cf. H. Remy, Trans. Faraday Soc. 
23, 385 (footnote) (1927). 

{ P. Debye and E. Hiickel, Phys. Z. 24, 305 (1923). Cf. H. Remy, Trans. Faraday Soc. 
23, 385 (footnote) (1927). 

§ ¥. Chem. Soc. 2095 (1929). Weleeourcre: 
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holds over the concentration range 1-normal to 0-0212-normal*, leads to a constant 
value for the electrolytic water-transport per faraday, if—as seems probable (see 
page 536)—the true transport number also is related to concentration by a linear 
law. The electrolytic water-transport « per faraday is then given by the difference 
between the slopes (dn/dc — dw/dc) of the two straight lines representing respectively 
the Hittorf transport number and the true transport number. 

The specific effect of the parchment diaphragm. In view of the conclusion of the 
preceding paragraphs, the regular increase in the liquid-transport per faraday with 
decreasing concentration from o-4-normal, observed in the present work, must 
evidently be attributed to the specific effect of the parchment diaphragm. If, as a 
first approximation, we assume that the electrolytic water-transport per faraday is 
independent of concentration and equal in magnitude to the observed transport per 
faraday over the concentration range 1-normal to o-4-normal, we obtain the ex- 
pression (v;— 29-3) for the part of the transport attributable to the specific effect 
of the parchment diaphragm, v, being the observed transport per faraday. 

The diaphragm effect is usually measured in terms of the liquid-transport pro- 
duced by the application across the diaphragm of a constant potential difference. 
If the specific conductivity within the diaphragm is no different from that in the 
bulk of the solution, the liquid-transport for a constant applied potential difference 
across the diaphragm is proportional to (v,— 29:3) A, A being the specific conduc- 
tivity of the electrolyte solution. Some disturbance in the specific conductivity may 
be produced by the following possible factors: (i) diaphragm-surface currentf, and 
(11) change in the ionic mobilities whilst the ions are passing through the diaphragm] ; 
but in view of the comparatively inactive character of parchment paper when em- 
ployed as diaphragm material, it is probable that the factors mentioned may be 
neglected for our present purposes without the introduction of any appreciable error. 

Values of v,A and of (uv, — 29:3) A are shown graphically in figure 3; the values 
of A have been obtained from the data of Kohlrausch. It will be seen that the curve 
relating to v,A shows an apparent discontinuity between concentrations 0-0 5-normal 
and o-r-normal (see also figure 2 A), but the curve relating to (v; — 29-3) A appears 
to be continuous. This latter curve, representing the specific effect of the parchment 
diaphragm, passes through a pronounced maximum and is of the same characteristic 
shape as that met with in certain cases where the diaphragm effect is predominant, 
€.g. with dilute solutions of hydrochloric acid in a powdered-glass diaphragm §. 

The present data thus appear to be consistent with the hypothesis of a com- 
posite effect produced by a constant electrolytic water-transport per faraday and by 
a specific action of the parchment diaphragm, the latter action apparently becoming 
negligible at a concentration between o:2-normal and o-4-normal. 

Determination of true transport number. It has been pointed out by Riesenfeld 


* . . 
No data appear to be available for the Hittorf transport number in the case of concentrations 
below 0:0212-normal. 


ty Gre Flee Hepburn, Proc. Phys. Soc. 39, 102 (1927). 


t Cf. A. A. Green, A. A. Weich and L. Michaelis, ¥ . 
: , A.A. : , J. Gen. Physiol. 12, 473 (19209). 
§ See H. C. Hepburn, Proc. Phys. Soc. 38, 363 (1926). pha 
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and Reinhold* and others that the values obtained for the transport numbers of ions 
in solution by the Hittorf methodf require correction in consequence of concentra- 
tion-changes in the neighbourhood of the electrodes, produced by the electrolytic 
water-transport. The present determination of electrolytic water-transport provides 
a basis for this correction. 

In the case of solutions of copper sulphate, where the direction of electrolytic 
water-transport is from anode to cathode, the following relation between the ex- 
perimental Hittorf transport number and the true transport number is given by 


Riesenfeld and Reinhold: 


W=n— CX (uy: 


_Here w is the true transport number, the experimental Hittorf transport number, 
c the electrolyte concentration in equivalents per mol, and « the electrolytic water- 
transport in mols per faraday. The symbols w,n refer to the anion, the corresponding 
numbers for the cation being 1 — w, and 1 — n. 


od a 


oat 


a —L — 
G 0-05 0-10 0-16 0:20 
Concentration (gram-equivalents/litre) 


Fig. 3. Liquid transport per constant 
applied voltage across the diaphragm. 


The data available for the experimental Hittorf transport number in the case of 
copper sulphate solutions over the concentration range 0-08-normal to 2-normal are 
conveniently shown in graphical form by Riesenfeld and Reinhold{. The most 
regular results over the concentration range 0-3-normal to 2-normal appear to be 
those of Hittorf§ (determinations at normalities 1-96, 1-34, 0°712, ADCO 27) stem 
perature of determinations 4°-6° C.), the plot of his values occupying roughly a 
mean position relative to the plots of the other data. Hittort’s values for concentra- 
tions below 0:327-normal are somewhat irregular. Metalka ||, working at a tem- 
perature of 18° C., obtained the value 0-672 for the Hittorf transport number with 
solutions of concentrations 0:49-normal and 0:25-normal. This value is somewhat 
higher than that (0-659) obtained for concentration o- s-normal by large-scale 


+, Loc, tt. + W. Hittorf, Pogg. Ann. 89, 177 (1853) et seq. 
t Loc. cit. N.B. No later data appear in the Landolt-Bérnstein Tabellen (1923 and 1927). 


§ Pogg. Ann. 89, 177 (1853). 
|| H. Jahn and collaborators, Z. Phys. Chem. 87, 673 (1901). 
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graphical interpolation of Hittorf’s data, but Metalka’s values relating to o-r6 4s 
normal and lower concentrations lie satisfactorily on the continuation of the plot of 
Hittorf’s data relating to the concentration range 1-96-normal to 0°327-normal. 
Metalka does not record a measurement with 1-normal solution, but interpolation 
of Hittorf’s data gives the value 0-695 as against 0-69 obtained by Kermis* at room 
temperature. ; 

The above analysis suggests that the magnitude of the transport number is not 
greatly dependent on the temperature within the limits 4° C. to room temperature. 
In this connexion it is pointed out that Hittorft obtained the value 0-713 for the 
transport number with 1-34-normal copper sulphate solution at room temperature 
(18°-21° C.) as against 0-712 at 5°5° C., and he concluded that there was no tem- 
perature effect within the limits 4°-21° C. 

The values given in table 2 for the Hittorf transport number appear to be the 
most probable of the available results (see the foregoing analysis) and are taken from 
the data of Hittorf (1-normal to 0-327-normal) and of Metalka (0-1639-normal to 
0:0212-normalt). The solution density data in the Landolt-Bérnstein Tabellen have 
been used to obtain the concentration values in equivalents per mol. 


Table 2. 
Concentration : i 
of CuSO, Concentration | Hittorftransport True transport 
(gm.-equiv./litre) (gm.-equiv./mol) | number n number w 
16) 001806 / 0°695 | 0°666 
0°712 “01285 | 675 | 654 
S “00902 659 | 644 | 
327 "00590 645 (-635) | 
*1639 00296 634 (-629) 
"125 *00225 -627 (-623) 
‘0833 ‘OOI50 -626 (-624) 
0625 “OOI 13 *624 (-622) 
‘0419 -00076 "625 (-624) 
"0306 "00055 625 | (-624) 
"0254 -00046 625 (-624) 
‘O2Z12 "00038 / "625 | (-624) 


The values of the Hittorf transport number » in table 2 are related, within close 
limits, to the concentrations in equivalents per mol by a linear law, the mean devia- 
tion being less than o-r per cent. of the linear value; the maximum deviation is 
0°63 per cent., and the deviation at the lowest concentration 0-24 per cent. The 
values of the true transport number w in the case of concentrations I-normal, 
0"712-normal and o5-normal have been calculated by means of equation (1), the 
mean value of 1-63 mols for x being based on the observed water-transport over the 
concentration range I-normal to o-4-normal. These three values, when plotted 
against concentrations in equivalents per mol, lie also on a straight line which meets 
at infinite dilution the straight line representing the Hittorf transport number. 

* Wied. Ann. 4, 503 (1878). + Loe. cit. 


me ie data appear to be ayailable for copper sulphate solutions of concentrations below 0-0212- 
al. 


7 - 
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ie: The values of for concentrations 0-327-normal to o-0212-normal have been 
‘biained on the assumption that x has a constant value of 1-63 over this concentra- 
tion range and they agree fairly closely with the corresponding values read from the 
| straight-line graph representing the true transport number. The values of the true 
transport number at o-125-normal and lower concentrations appear to be little dif- 
ferent from that (0-622) relating to infinite dilution as indicated by the point where 


| the two straight-line graphs mect the axis. 
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DISCUSSION 
Dr L. Sissons. Does not the actual presence of the material of the diaphragm 
affect the concentration of the electrolyte in its immediate neighbourhood? This 
| effect was dealt with by J. J- Thomson*. In view of Thomson’s remarks it seems 
| that wery little meaning can be attached to the mean value of the concentration 
| throughout the body of the solution. This would seem to have some very close 
| xelation to the apparent constancy of the liquid transport for high average con- 
veritr2t10M as shown in table je 
| Dr V. Cormsx. The author has explained that the observed flow across the 
) Gaphragm in dilute solutions is due to the combined effect of the electrolytic 
water-transport and the membrane effect caused by the Helmholtz double layer 
“at the interface between parchment and solution (or within the capillaries of the 
‘membrane). How far does the curve calculated by the author for the Helmholtz 
efiectt agree with that obtainable independently from cataphoretic measurements 
'—ie. from the rate of displacement, in an electric field, of small particles of parch- 
ment suspended in copper sulphate solution? 
Avruor’s reply. Adsorption of the electrolyte by the walls of the diaphragm 
ould produce 2 change in concentration, but the equilibrium concentration in the 
diaphragm pores, after several washings with copper sulphate solution, appears to 
be little different from that in the body of the solution}. It is pointed out also that 
“the specific (clectro-endosmotic) effect of the parchment diaphragm appears to be 
negligible in the case of copper sulphate solutions of o-4-normal and higher con- 


F 


5 


PA disect comparison between figure 3 and the results of cataphoretic measure- 
ments, as suggested by Dr Cofman, does not appear to be practicable owing to lack 
i data relating to suspensions of parchment particles in copper 
sulphate solutions. The curve of figure 3 is of the same general character, however, 
‘es that met with in other cases of cataphoretic and allied electro-kinetic measurements. 


* Applications Dynamics to Physics and Chemistry, p. 190 (1888). 
4 Figure 3 “ie 293) h- t Cf. H. C. Hepburn, Proc. Phys. Soc. 38, 372 (1926). 
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THE SPECTRA OF TREBLY AND QUADRUPLY 
IONIZED ANTIMONY, Sb IV AND Sb V 
By J. S. BADAMI, Imperial College, South Kensington 
Read Fune 5, 1931 
ABSTRACT. A study of the spark spectrum of antimony under varying conditions of 
excitation has led to an extension of the existing classification of the spectrum of Sb IV. 


Many new lines are classified as secondary members of the series. A second P term has 
been established for the Sb V spectrum. 


§x. THE SPECTRUM OF SbIV 


partly independently by Gibbs and Viewegt who also modified some con- 

clusions of the former authors and extended their results. The investigations 
of Gibbs and Vieweg were, however, confined chiefly to the extreme ultra-violet 
region and extended only to A 2113-14. The present communication is an extension 
of the investigation of the spectrum towards the region of longer wave-lengths. 
Many strong lines characteristic of the trebly-ionized atom have been found and 
have been classified as secondary members of the series system. 


: N analysis of trebly-ionized antimony was given by Green and Lang* and 


§2. EXPERIMENTAL 


The spectrum of a condensed spark between poles of metallic antimony was 
studied under varying conditions of excitation, both in an atmosphere of air and in 
one of hydrogen. A large induction-coil running on r1o volts d.c. with mercury 
break was used. The spark in hydrogen easily brought out the lines of Sb IV. These 
appear relatively intense at tips with the spark in air, and fade away rapidly on 
diminution of the auxiliary spark gap in series and reduction of the capacity in 
parallel with the circuit. Plates were taken also with a one-meter vacuum-grating 
spectrograph, extending down to about A 1280, a fluorite window being used, and 
the effect of inductance on the spark in a hydrogen atmosphere was studied. 
Kimura and Nakamura and Soulillou§ have assigned some of the stronger lines of 
the spark spectrum to the various stages of ionization. Except for the line A 2557-45, 
the lines used in the present investigation are in conformity with their assignments. 
A 2557 has been assigned to Sb II by Soulillou and to Sb III by Kimura and Naka- 
mura. Experiments show however that it certainly cannot belong to Sb IT and may 
well belong to Sb IV. The lines given by the source are very diffuse and the weaker 
ones especially can be measured only with difficulty. For the stronger lines existing 
measurements by Soulillou have been utilized, 


* Proc. Nat. Acad. Sc. 14, 706 (1928). t+ Phys. Rev. 34, 400 (1920). 
t Jap. Journ. Phys. 8, 217 (1924). § Comptes rendus, 188, 1103 (1929). 
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The term-scheme for the spectrum of Sb IV is presented in table 1. The term- 
prefix indicates the electronic configuration in a form convenient for writing. The 
notation used is that proposed by Russell, Shenstone and 'Turner*. The symbol ° 
denoting the odd terms is omitted as this is considered unnecessary when the con- 
figuration is given. 


Table 1. Predicted terms of Sb IV. 


Orbits of outer electrons ‘Terms 
Ler A a 
41 42 423 4a 51 52 53 Sa 55 | 6, 6, 63 | 7 | Prefix Singlets Triplets 
22. ONTO 2 5° oS ‘ 
2 (sy tikes Lent 5s5p uP ie 
On OMmELO I I 555d 170) 2D) 
2-70) 10 2 ape 1D) Sy 2B 
of Ses te I I 556s aS 25. 
By MO YS I I 5s6p +P We 
POM LOge I I 554f ve oF 
AG ae I I 5s6d 1p 210, 
Z, Ady ane) I I 5878 aS 3S 


$4. CATALOGUE OF NEWLY CLASSIFIED LINES OF SbIV 


A catalogue of newly classified lines of Sb IV is given in table 2. The first column 
gives the wave-lengths and intensities, wave-lengths to A 2000 being in air and those 
smaller than A 2000 in vacuo. 'The second column gives the wave-numbers in 
vacuo followed in the third column by the classification. 


Ss. IDENTIFICATION OF “LERMS 


Some difficulty was experienced in assigning the 5s6p *P, level. ‘I'wo possible 
choices for the 5s5d *D,—-5s 6p °P, transition were A 2786-00 and A 2857-07. Kimura 
and Nakamurat put A 2786-00 in the list of Sb IV lines, but Soulillout assigns it to 
Sb III and it has been classified by Langt as 55*5d *D,,—5s*5f?F,,. It may be 
noted that the similar transition is often very faint in spectra like Sb III. My ex- 
periments however indicate that the line more probably belongs to Sb III; no other 
satisfactory combination could be found with the *P, level so obtained. A 2857 being 
taken as the required transition, a fairly strong line at A 2451-67 could be classified as 
 586p *Py-5s5d *D,, but no combinations were obtained with the °S terms. Along 
with the two lines A 3687-11 and A 3425-89, classified as the 5s6s *.S,; combinations 
with 5s6p ?P, and *P,, a remarkably similar line at A 3735-26 led me to classify it as 
the 5s6s 3S,-5s6p °P, transition, giving the *P,-*P, difference identical with the 
6s5d (2D,-8D,) difference, so that A 2740-99 was classified doubly as 5s 5d ®D.— 
5s6p 3P, and as 585d *D,-5s6p *Py. ‘This was further supported by the location 


* Phys. Rev. 33, 900 (1929). TLC. Cit. { Phys. Rev. 35, 445 (1930). 
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of ss6p *P,-5s7s *S, in the calculated position. The line 5s6p *Po-5s6d °D, was 
not found and is probably masked by A 2543-82, a strong line of Sb II which 1s very 


near the calculated position. 


Table 2. Newly classified lines of Sb IV. 


d air (Int.) v | Classification 
22°46 (1 25487°0 5s4f 1F.—-5s6d *D; 
ee (3) 26764°3 56s sor 58 OP S 
*3687-01 (8) 27114°6 556s S,-58 Op : ae i 
3618-99 (3) 276242 | eT aa 
361149 (3) 27681°5 584f °Fs-5s Ds 
3599°37 (3) 277748 Sif eee 
35788 (0) 27934 5s4f aps 3 
*3425°89 (10) 29181°2 556s *S\-5s6p Ps 
*3287-70 (4) 30407°7 | 586s °S,—5s6p *Py 
: 655°5 5s6p 1P,-5s6d *D, 
2803°79 (1) 35655'5 ears: 
2792°7 (0) 35797 5s6P *Ps-5s 2 
*2740°99 (10) 36472°4 ss5d -D,-586p “Po 
+2740°99 (10) 36472°4 585d °Ds-5s6p ae 
*2714'96 (5) 36822°1 | 555d *D,-5s6p a3 eo 
2710°7 (00) 36880 5s6p ~Ps-ss6d sD, 
*2700-11 (5) 37024°6 5s6p ~Ps5s6d “Ds, 
*2081°77 (6) 372777 58 6p *P,-ss6d *Ds 
*2632'10 (10) 37981-2 555d *D3-5s6p Pe 
*2594'10 (6) 38537°5 585d °D3-5s6p “Ps 
2570°9 (0) 38885 585d *D,-5s6p tp 
2566°92 (2) 38945°5 586p *P,-5s6d *D, 
*2557°45 (4) 39089°7 5s6p °P,-5s6d *D, 
*2514:08 (4) 397640 5s5d°*Dz-ss6p Py 
2501°19 (4) 39968-9 58 6p *Ps-5s 7s *Sy 
2492°15 (1) 40113°9 555d °D,—5s 6p *P, 
2378722 (2) 42033°6 5s6p *Py-5s7s 3S, 
23586 (1) 42385 5s6p *Po-5s7s °Sy 
22/7803 (4) 43884:0 5S6p 1P,-5s 75 1S 
2116-1 (0) 47242 | 5s5d*Ds-5s4f *Fe 
A vac. | 
1915°39 (2) 52209 / 5p? °Ps-5s 6p ®°P, 
1801°79 (6) 55500 / 5p° °P.-5s8 6p *P; 
Dita Ne 63085 | 585d 1D.-5s 6p Py 
1406°59 (1) 71094 585d 'D,-5s4f °F 
1358°13 (5) 73631 | 585d ‘D555 4f Fs 
* 2 by Soullillou. t+ Used twice. 


It is interesting to compare the ratio (§P,-°P,) : (8P»P,) for the 5s6p con- 
figuration in the iso-electronic spectra as is done in table 3. It is evident from the 
last column that with the increase of nuclear charge there is a gradual deviation 
from the Russell-Saunders coupling which leads to the theoretical ratio 2 : 1. If 
we classify A 2857 as the 555d *D,—5s6p 8P, transition the ratio in question be- 
comes 2066 : 1832 = 1:12. Comparison of this with the ratios for other iso-elec- 
tronic spectra further justifies us in rejecting \ 2857-07 and using \ 2740-99 twice. 

The 585d 'D, and 5p 1D, levels as given by previous authors are interchanged, 
as it is thought that the 585d 4D,-5s5p *P, 1P combinations would be more likely 


> 
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than the 5p?1D,-5s5p ®P, 1P combinations. The conclusion that the 5s 5a D5 
level then becomes deeper than the 5s5d *D levels is justified from comparison with 
the Cd I spectrum, where both 5s5d 1D, and 556d 1D, are deeper than the respective 
*D terms. In In II also the 5s5d°D, 'D-ss4f*F, 4F combinations as given by 
McLennan and Allin* show that the 1D, is much deeper than the 3D terms of the 
same 5s 5d configuration. A similar change may be suggested for the Sn III spectrum. 


Mable sar 5s0p CE P,) ee Ps P,). 


Element Hed a Wer aed, Ratio 
Cdl 174 afi 2°45 
In II . 558 182 3°07 
Sn III 1223 278 4°48 
Sb IV | 2066 350 5°90 


X 2278-03, given as the 5s6p !P,-5s7s 4S, combination of Sb IV, seems to be 
the most suitable line in the probable region. 

A strong line, 4 1584:59, appears to be double, with a fainter component at 
A 1585-17. The strong line itself does not seem to be characteristic of Sb IV, and 
the fainter one being near the calculated position of 5s5d1D,-5s6p1P,, the 
transition is classified as such. 

The spectrum of Sb IV is given in multiplet formt+ in table 4, previous results 
of Green and Lang and of Gibbs and Vieweg being also included for the sake of 
completeness. The term-values for the deepest terms, as calculated from the 
available series by Gibbs and Vieweg, are used, the others being calculated from 
the observed frequencies. 


$6, LHES SPE CER UM, OF (Sb V 


While plates taken with an antimony spark in hydrogen with a Hilger E. 1 
quartz spectrograph were being examined, two lines, AA 3362-94 and 3036:16, which 
were intense and yet appeared as distinct from other lines only at the tips, were 
observed. No trace of these lines was found on plates taken with the spark in air. 


* Proc. R.S. A, 129, 208 (1930). 

+ In agreement with the known term-values of the Sn III spectrum (Gibbs and Vieweg, loc. cit.), 
the following 5s6p *P, 1P-5s6d*D, 1D combinations in Sn III have been identified. The wave- 
lengths are taken from Kayser’s Handbuch, Band vi, and corrected to ILA. The lines are classed 
as due to Sn III by Kimura and Nakamura (loc. cit.). 


SSO) pe 274. cy ee 1222 sP, | EP r 
5s6d *D, 27974 27700 

78 3573°7 (Iu) 3609'1 (—) 

3D, 27778 26556 

134 3598°9 (2u) 3764°5 (11) 

37), 26690 
3745°6 (27) 

E 1p, 26061 
: 3708:0 (2u) 
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They are attributed to Sb V and are classified as the first doublet of the second 
principal series, The irregular doublet law applied to the particular transitions in 
Ag-I-like isoelectronic spectra* justifies this classification beyond doubt, as the 
following table 5 shows. 


Table 5. 6 #S,-6 #P,, ,, transitions in Ag-I-like spectra. 


Element eles 6 *,S\-6 2Py 
v Av A2y P %, ee 
ak (5741) (5046)t 
Cd II 11719 ye 14 12393 ae 208 
In HI 17711 ae II 19048 ne 188 
Sn IV 23714 | ee 10 25891 Hk 193 
Sb V 29727 | 55%, 7036 


By application of Sommerfeld’s fourth power law Av = K (Z—s)* to the 
6 *P,—6 *P,, separation, the values of the screening constant s calculated for Ag-I- 
like spectra are compared in table 6. 


Table 6. Screening constants for 6 *P,—6 ?P,, separations in 
Ag-I-like spectra. 


4b Element Av He ae 5) s As 
47 AglI 202°9 11:08 35°82 
2°76 
48 Cd II 672'8 14°94 33°06 
1°80 
49 In III 1337°4 17°74 31°26 
1°30 
50 Sn IV 27a. 20°04 29°96 
1°02 
51 Sb V 3199'°4 22°06 28°94 


Langt has classified some lines in the extreme ultra-violet. Of these, A 891-41, 
classified as 5 *P,,-5 *D,,, has been shown to belong to SbIV by Gibbs and 
Vieweg§ and they have suggested 888-97 instead. The suggestion seems to be 
justified by the location of the 5 *D-5 *P combination in the calculated position. 
The actual frequency calculated differs from that observed by an amount which 
may be accounted for by an error of about 0:3 A.U. in the wave-length measure of the 
5 2P-6 2S combinations. Table 7 shows the variation in the separations of 5D 


* The values for Ag I, Cd II, In III, and Sn IV are taken from a paper on the spectrum of 
Sn IV by K. R. Rao, Proc. Phys. Soc. 29, 468 (1927). 

+ Calculated from known terms. 

t Proc. Nat. Acad. Sc. 13, 343 (1927). Seacnoue 
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terms in Ag-I-like spectra along with the screening constants. As will be seen from 
the table, the abnormal rise in the value of s for Sn IV is not continued for Sb V, 


and again for Te VI there is a normal decrease. 


Table 7. Screening constants for 5 7D,,—5 *D,, separations for 
Ag-I-like spectra. 


4, Element A | / tees | s | As 
“ | «/(Av/o-00776) | 

47 Agl 203 | an Visas | 7%: 
48 Cd Il 154 11°86 ae ae | 
49 In III 283 | 13°81 | 35°19 | - | 
50 Sn IV 107 | 183 | git i 
st SbV sae 19°47 | 31°53 <a 
eS Te VI* 1644 | 21°44 | 30°56 | 


Lang classified A 1505-70 and A 1524-47 as the 5 *D,,_,,—5 2¥ transitions. These 
lines appear to be due to lower stages of ionization, probably Sb II or III. 

As for Sb IV, the results as known to-day are shown in a multiplet form in 
table 8. The term-value 449300 for 5 2S given by Lang is retained. 


Table 8. Combinations in Sb V. 


‘Terms 5 Ps 5 *Pia 6 *Pi 6 *Pi 
x 367734 358747 194920 IQI721 
v 8987 | 3199 
5 *.S; 449300 781566 T90553 = — 
1226:00 (12) 1104°32 (8) 
5° Diy 247373 120337 F111356 | 52453 t55652 
ape 831-00 (6) 898-02 (1) | 1906-747 (7) 1796°89 (5) 
5” Dox 246257 §112490 54536 
888-97 1833°65 (8) 
6? Sy 224647 $143017 1134037 2972774 32926°8 
699:22 (3) 746°06 (1) | 3362-04 (8) 3036°16 (10) 
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pplying the data for Te VI prior to publication. 
t This line may also belong to Sb II or III. 
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THE HIGH-FREQUENCY SPECTRUM OF MERCURY 
AND THE FINE STRUCTURES OF ) 6123 (Hg I) AND 


4797 (Hg IT) 
By S. TOLANSKY, B.Sc., Armstrong College, 


Newcastle-upon-Tyne, Durham University 
Communicated by G. W. Topp, M.A., D.Sc., April 30, 1931. 


ABSTRACT. It is shown that the previously reported intensity-modifications, found to 
take place in the high-frequency electrodeless discharge in mercury vapour at low pres- 
sures (o-001 mm.), can be completely explained in terms of recently determined electron- 
impact excitation curves. The modified spectrum arises from the fact that the mean free 
path is large, enabling the electrons to attain high velocities which result in the strength- 
ening of lines involving upper singlet levels. The high-frequency spectrum at a pressure 
of 3 mm. is found to be arc-like, supporting the above conclusion. 

The fine structure of the unclassified line A 6123 (Hg I) is determined with a Fabry- 
Perot interferometer and found to have eight components. Four of these form a multiplet 
and may arise from one isotope only. The line A 6123 probably involves an upper singlet 
level. The unclassified spark line A 4797 (Hg II) shows four fine-structure components, 
widely separated and of similar intensities. 


§1. INTRODUCTION 


DESCRIPTION of the spectrum of mercury vapour excited at very low 
AN pressures by a high-frequency electrodeless discharge has already been 


given*. The discharge was produced in pure mercury vapour at room 
temperature, contained in a pyrex tube 10 cm. long and 2 cm. in bore, having a 
central capillary portion 1 cm. long and 0-25 cm. in bore. Strips of tinfoil were 
wrapped round the wider parts and these were coupled inductively to a lecher-wire 
system in which oscillations of a wave-length of about 7 metres were maintained 
by a valve (a Mullard D.O. 40 operated with a 6-volt filament battery and 480-volts 
high-tensionf. 

The triplet line A 3341 being taken as the basis of comparison, many other lines 
show a marked change of intensity in the high-frequency discharge as compared 
with the arc{. The intensity-modifications may be summarized in the statements 
that all allocated lines involving singlet levels as upper states are considerably 
strengthened whether they be singlet or intercombination lines, whilst intercom- 
bination lines involving upper triplet levels are somewhat weakened. In all the 

* Proc. Phys. Soc. 42, 556 (1930). 

+ §. F. Evans, #. Sci. Inst. 7, 261 (1930). 


t The line \ 3341 is the second number of the series to which \ 5461 belongs and is used 
because the latter is very strongly absorbed in the high-frequency discharge. 
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observed series, including triplets, the higher series-members are relatively stronger 
than in the arc, but this effect is not very marked. The unclassified lines show three 
types of behaviour, namely marked strengthening, marked weakening and very 
slight indication of change. Since strengthening in all allocated lines is invariably 
associated with upper singlet levels, it was suggested that the strengthened un- 
classified lines involve upper singlet levels. It is also to be expected that the 
weakened unclassified lines involve upper triplet levels and that those which are 
unchanged may arise from displaced triplet terms. The lines A 5461 and A 4047, 
which involve metastable levels, are very heavily absorbed. The degree of intensity- 
modification is found to be reduced when the current density through the tube is 
increased. 

In the first part of this paper an attempt is made to account for these intensity- 
modifications, and in the second part the fine structures of two of the enhanced 
lines are discussed. 


§2. EXPERIMENTAL 


It was found that a very great increase in both the relative and the absolute 
intensities of the enhanced* lines took place if the capillary tube was replaced by a 
tube 20 cm. long and 3 cm. in bore. In order to obtain the maximum illumination 
possible, a tube 150 cm. long and 3 cm. in bore was finally employed, and when 
viewed end on this gave a brilliant enhanced spectrum. Part of the spectrum 
obtained is shown at (a) in the plate. For this particular photograph a 250-watt 
oscillator (wave-length 20 metres) was used. The tube remained cold when run- 
ning, the vapour-pressure of the mercury being of the order of o-oor mm. The 
spectrum was photographed with the Hilger constant-deviation instrument on 
Ilford soft-gradation panchromatic plates developed in hydroquinone. In the plate 
(5) is the spectrum of an ordinary vacuum mercury arc carrying 2 amp. The 
enhancements are very striking. 

A small capillary tube as previously employed was placed in a furnace and 
showed the enhanced spectrum in the cold. As the temperature was raised the 
singlets weakened and the triplets strengthened until at 150° C. the discharge was 
practically identical with that of the arc; see (c) in the plate. 

This behaviour of the high-frequency discharge in mercury vapour at different 
pressures is explained by a recent investigation of Schaffernichtt on the excitation 
of the mercury spectrum by electron impact. Working at low pressures (o-oor mm.), 
Schaffernicht bombarded mercury vapour with electrons of varying velocity. He 
found that every line of the spectrum showed an optimum electron voltage, for 
which the line was emitted with maximum intensity. Voltage/intensity curves 
were plotted, and it was found that the form of each curve was entirely dependent 
upon the upper level involved. In general, lines of the same series had very similar 

; * The term “enhanced ” when employed in this paper is meant to indicate strengthening in the 
high-frequency discharge relative to the are, and has no reference to spark lines. 


t IR L. Smith-Rose and J. S. Mc. Petrie, Exp. Wireless, 6, 532 (1929). 
+ Zeit. fiir Phys, 62, 106 (1930). 
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excitation curves. There were two main types of curve, singlet type and triplet 
type, and these are shown in figure 1, which is taken from Schaffernicht. Lines 
with upper singlet term, as a rule, show a flat maximum at about 30 volts, whilst 
lines with upper triplet term show a very steep maximum at about 11 volts. Only 
two exceptions occur, namely lines involving +S, and *D, as upper levels. ‘These 
have two maxima of singlet and triplet types, the curves however tending rapidly 
to become normal for terms of higher principal quantum number n. According to 
Schaffernicht, the exceptions are due to excitation of terms partly by direct impact 
and partly by stepwise transitions from previously excited triplet terms in the case 
of the 1S, levels, and singlet terms in the case of the *D, levels. With very high 
voltages both singlet- and triplet-type curves become flat. 


15 SINGLET Type 


TRIPLET. TYPE. 


Intensities 


10 20 30 40 50 60 70 
Volts 


Fig. 1. Electron-impact excitation curves in mercury (after Schaffernicht) 


It is at once apparent from the curves that in changing from low- to high- 
voltage excitation there is a very marked relative strengthening of the lines in- 
volving upper singlet terms. The spectrum produced with low-voltage electrons is 
:dentical with that of the arc (and high-frequency discharge at 150° C.), whilst 
that formed by high-voltage electrons is similar to that given by the high-frequency 
discharge at room temperature. It is reasonable to conclude that in the arc and 
high-temperature high-frequency discharge the effective electron voltage is small, 
whilst in the case of the cold discharge it is high. Consideration of the mean free 
paths shows that this is very probably the explanation of the enhanced spectrum. 
In the long tube at room temperature the mean free path of mercury atoms is 
about 7 cm. The electrons produced by the discharge have therefore sufficient 
time to acquire a high velocity before striking mercury atoms. ‘The electrons are 
then effectively high-voltage electrons, the result being a spectrum in which lines 
with singlet-type excitation curves are markedly strengthened. When the tem- 
perature of the tube is raised to 150° C. the pressure of mercury vapour is about 
3 mm. and the mean free path is of the order of only 0-003 cm. With such a short 
mean free path the probability of electrons acquiring a high velocity is small, so 
that their effective voltage is low. Since this low-voltage excitation condition also 
exists in the arc, the discharge reverts to arc type, wherein the triplets are much 
stronger than singlets; see (c) in the plate. ‘There should be an optimum pressure, 
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depending on the power used and on its frequency, which will give a maximum 
enhancement of the singlets. 

The increase in intensity of the singlet-type lines on changing over from the 
capillary tube to the wider and longer tube is further evidence that the mean free 
path determines the degree of enhancement. It is very probable that the restricted 
dimensions of the capillary tube were such as to prevent electrons from attaining 
their full velocity, i.e. they were equivalent to a reduction in mean free path. The in- 
fluence of mean free path on the type of spectrum produced by the high-frequency 
discharge is shown in a different manner by the discharge in iodine vapour. A 
tube containing iodine at room temperature shows the arc spectrum. If a side 
limb is cooled with ice the pressure is reduced and the arc lines diminish rapidly 
in intensity, strong spark lines appearing instead. With the reduction in pressure 
the mean free path increases and with it the effective electron voltage. As a result 
of the more intensive bombardment strong ionization occurs and practically none 
but spark lines appear. Pressure-control, then, affords a convenient means of 
producing either the arc or the spark spectrum. It is found that bromine behaves 


in an exactly similar way*. 


§3. FINE STRUCTURE OF A6123 


The arc line A 6123 has not yet been classified. It is very strongly enhanced in 
the high-frequency discharge and, since both temperature and pressure are low, 
very sharp lines result. This line was photographed along with the singlets previously 
examinedt, but analysis was deferred since a great deal of trouble was experienced 


TRIPLET TYPE 


Intensities 
oO 


Volts 


Fig. 2. Excitation curves of triplet-type lines and of \ 6123 (after Schaffernicht). 


from overlapping orders. While the author was engaged upon the work a com- 
munication was received from Venkatesachar and Sibaiyat giving the structure of 
this line. Their results are not in agreement with those obtained here and will be 
discussed later. 

‘The fine structure was determined with a silvered Fabry-Perot interferometer 
(Hilger N. 71) having a plate-separation continuously variable from 2:6 to 100 mm 
The plates are of quartz and have an aperture of 6 cm. The interferometer we 


* Unpublished data of S. F. Evans ees 
d a ‘ roc, RS. A, 180 
t F. Mysore Univ. 5, 145 (1930). Ey sla 
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crossed with a Hilger large quartz E. 1 spectrograph, and exposures varied from 
one to seven hours. The spectrograms were taken on Ilford soft-gradation panchro- 
matic plates developed in hydroquinone. The tube employed was 150 cm. long, 
and a 7-metre oscillator was used to produce the discharge. Since the fine structure 
extends over a width of 0-395 A.U., overlapping of adjacent orders takes place even 
for small gaps such as 5 mm. A completely unambiguous determination of the 
structure was only obtained by the use of gaps increasing steadily by half-milli- 
metres from 4 to g mm. The fringes reproduced in the plate were obtained with a 
6-5 mm. gap and 2 hours’ exposure. The weaker components do not appear in 
the reproduction, and the closer components are completely resolved with higher 
plate-separations. There are eight components and these with their estimated 
intensities are shown in figure 3. 
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Fig. 3. Fine structure of \ 6123 of Hg I (left-hand curve) and \ 4797 of Hg II (right-hand curve). 


Table 1 gives the observed structure together with that found by Venkatesachar 
and Sibaiya. The structures are given in thousandths of a wave-number. ‘The 
extreme limits of error are indicated but the probable error is certainly less, since 
the values are the means of several determinations, mostly close together. 


Table 1. Fine structure of \ 6123 (Hg I). 


Venkatesachar and 
Sibaiya Author 

su 25O cease 1 43)) 2 

+4171 (5) +201 2 (2) 0B 

o (10) ° (10) ¢ 

pty (3) = 75.23 .2) 4 
—221 (8) = Press i (Uie)) 2 

— 323 (1) | —282+4 (1) f 

— 412 +2 (2) g 

= 70324 (4) A 


A comparison of the two structures shows that there is exact agreement in the 
case of the strong lines c, e, but none in the case of other lines. In considering the 
discrepancy a number of factors must be taken into account, since both the sources 
and interferometers used differed in the two cases. ‘The Fabry-Perot interferometer 
"used in the present work is of course free from ghost images, and with it difficulties 
due to overlapping may be completely resolved. The fringes are extremely narrow 
in the high-frequency discharge and there is no evidence of reversal since the 
structure is not dependent on the depth of vapour penetrated, and very sharp 
fringes are still obtained with big plate-separations such as 6 cm. Venkatesachar 
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and Sibaiya used Lummer plates and an echelon, the source being a low-current 
branched arc. As has been shown, the intrinsic intensity of enhanced lines is very 
much greater in the high-frequency discharge than in the arc, and this explains 
why these investigators observed fewer components. It is noteworthy that exact 
agreement is obtained with the strongest pair only, a result which is to be expected 
if one source is weak. The other lines given by Venkatesachar and Sibaiya are either 
ghosts or, more probably, misinterpretations due to the excessive overlapping. 
This would cause serious trouble with any interferometer not continuously variable. 
A further possibility is that the structures actually differ in the two discharges, but 
this is not very likely, as has previously been shown. 

An attempt to fit the components of A 6123 into a term scheme has met with 
partial success. The four components e, h, b, f can be arranged in square form, and 
give two pairs of equal differences. This result is shown in table 2. If it is not 


Table 2. 
— 282 (483) 7 20f 
(42T) (422) 
— 703 (482) = 2AE 


spurious, it means that the four lines are the four transitions obtainable from two 
upper and two lower levels, the level-separation in one case being 422 and in the 
other 482. This is shown in figure 4, where the bigger separation has provisionally 
been allotted to the lower level. 


‘ 
0-482cni" 
‘ 
€ 
b rj h 


Fig. 4. Fine-structure multiplet in \ 612 
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It has previously been shown that the fine structures of singlet lines suggest 
that in mercury the two odd isotopes 199, 20r have different nuclear spins, each 
resulting ina characteristic fine structure, while the even isotopes have no amedeas 
spin and give single lines. If this is correct, then the above-mentioned quartet ma 
arise from one isotope. Of the remaining four lines the strongest would belon a 
the even isotopes and the other three to the second odd isotope. The main difficul 
of this viewpoint is the same as that experienced in considering the ringlets nan 
that since the abundance-ratios of even to odd isotopes, the even ge eee 

’ 


are about 5:1:1-2:1, only one ver 
; y strong component would be 
two are observed. ‘ Oe 
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It is well to point out that a spurious quartet can easily arise. Suppose three 

lines are distributed at random: if a fourth is accidentally placed so that a pair of 
equal differences results, then another pair of equal differences automatically exists. 
Hence the existence of the quartet can depend on the accidental situation of one 
line only. However, the differences in this case are very exact, agreeing to a 
thousandth of a wave-number, and they are therefore probably genuine. 


§4. ALLOCATION OF \6123 


Since this line is strongly enhanced in the high-frequency discharge, it is pro- 
bable that it involves an upper singlet level. Schaffernicht has determined its 
excitation-function. This is shown in figure 2, a triplet-type curve also being plotted 
for comparison. Since the curve for \ 6123 shows a steep maximum at about 
12 volts, Schaffernicht concludes that the line involves an upper triplet level. 
However, attention may be drawn to two facts: (a) The curve is distinctly different 
from the ordinary triplet-type curves. All lines involving upper triplet levels 
(other than the abnormal terms) have a steep maximum near II or 12 volts and 
then become practically flat and horizontal at about 20 volts. The curve for A 6123 
shows a steep maximum at 12 volts and then falls off steeply, showing no tendency 
to flatten even up to 70 volts. (b) If the line has an upper triplet level it should 
be stronger in the arc, but it is not. 

A distinct possibility is that the mode of production of this line is different 
according as high-frequency excitation or electron-impact excitation is employed. 
This possibility may be connected with the difficulty hitherto experienced in 
classifying the line. Hanle* has found that the singlet and triplet excitation curves 
in helium are of a similar nature to those in mercury, showing the same types of 
maxima. However the singlet He line 2P — 4S (A 5048) shows a curve not very 
different from A 6123 in mercury, so that the curve itself does not give decisive 
evidence. 

The fine structure of the line shows that a 4S, level cannot be involved in its 
production. It has been previously shownf that 74S) — g'P, has seven components, 
and reasons were given why this should be the maximum number of components 
of a line involving a 1S, level. A 6123 has been shown to possess eight components. 
A further point is that a 4S, level must always remain single for any given isotope, 
no matter what the value of the nuclear spin. If the quartet structure given in 
figure 4 is due to one isotope, then a 4S, level cannot be involved. If this quartet 
structure comprises the total structure for one of the isotopes, then the nuclear 
spin for this isotope must be 1, However if one of the levels were triple and the 
other double the multiplet could have five components and there is no way of 
detecting whether or not one of the remaining lines is a fifth member, since j-values 
are unknown and no common differences involving the fifth line occur. 


* Zeit. fiir Phys. 56, 94 (1929). + Proc, RS. loc. cit. 
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§5. FINE STRUCTURE OF 14797 (Hg II) 


Very little attention has been given to the fine structures of the lines of ionized 
mercury. Schiiler* mentions intensity-measurements in the Hg II lines A 7944 
and A 6150 but gives no details as to structure. Venkatesachar and Sibatyaf state 
that A 3984, which is *Ds; — 2?P3 according to Paschen, has six components, but 
they give no details. The writer has been unable to find any other reference to the 
fine structure of Hg II. Naudéf gives the line A 4797 as by far the strongest line 
of the Hg II spectrum and it has not yet been classified. Paschen§ found many 
stronger lines in the spectrum, but he employed a discharge-tube with mercury 
in helium, and Naudé has shown that helium modifies the intensity-distribution. 
The line can be brought up in the high-frequency discharge if the discharge is 
sufficiently intense: (a) in the plate. Since two high-frequency oscillators were 
available, one of 250 watts with wave-length 20 metres and the other of 40 watts 
with wave-length 7 metres, both were coupled to the tube simultaneously. This 
resulted in a marked brightening of the line, and as the pressure and temperature 
were still low the line was not broadened. It was photographed with the Fabry- 
Perot interferometer on Ilford Monarch plates developed in hydroquinone, exposures 
up to two hours being sufficient. Since fine-structure separations increase with the 
degree of ionization, the structure is therefore much coarser than that appearing in 
the mercury arc lines. This resulted in frequent overlapping of orders, so that plate- 
separations of from 2-65 to 8 mm. only could be employed. The resolving power 
in this region being much smaller than in the red, the accuracy of the measure- 
ments is lower than for A 6123. The separations are given in thousandths of a 
wave-number and are likely to be accurate to within 5 units. Four components have 
been observed, but there may be closer unresolved members. It has been impossible 
to determine this with certainty, but an exposure with a 175 mm. plate-separation 
still showed four components only. The structure is given in table 3 and figure 2. 
Component a appears diffuse and may be complex. 


Table 3. Structure of A 4797 (Hg II). 


o (5) a 
=I 426, (2) ob 
=< bass ts) & 
— T1165 (4) @ 


The structure is so coarse, the nearest components being 225 units apart, that 
it could be resolved on a good grating. It is hoped to make an attempt to examine 
the mercury spark lines with a 2r-ft. grating. Schiiler has pointed out that in a 
number of mercury lines the weaker components B, group themselves about a 
very strong component A, so that the optical centre of gravity of XB, coincides 
with A. He has examined the intensity-distribution in the arc lines AA 4047, 4078, 
4916, 5461, 5769, 5791 and in the spark lines AA 6150, 7944, and in most of these he 


* Naturwiss. 48, 895 (1930). + Loc. cit. 
{ Ann. d. Phys. 3, 1 (1929). § Sits. Preuss. Akad. Wiss, 32, 536 (1928). 
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finds that the ratio =B,/G is between 25 and 32 per cent. where G is the total 
intensity of all the components. Since the odd isotopes form about 30 per cent. 
he suggests that the weaker fine-structure lines come from the odd isotopes. 
However, the arc lines AA 5461, 2536 and the spark line X 6150 do not give this 
ratio at all. It is at once apparent that A 4797 also constitutes an exception, there 
being no single strong component, the structure is in fact somewhat similar in 
nature to that of the resonance line A 2536* as regards intensity-distribution. 

It may be pointed out, with reference to Schiiler’s results, that the intensity- 


distribution in mercury-fine structures is partly dependent upon the mode of 
excitation and the degree of self-absorption. 
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THE SPECTRUM OF BARIUM FLUORIDE IN 
THE EXTREME RED AND NEAR INFRA-RED 


By THOMAS E. NEVIN, 1851 Overseas Student, 


Imperial College of Science 
Communicated by Prof. A. Fower, F.R.S., May 15, 1931. 
ABSTRACT. A considerable number of new heads in the known system of bands in 


the extreme red, due to BaF, have been observed. A new system, also due to — has 
been discovered in the near infra-red, and assigned to the transition *I] ~ *%. 


St. IN TRODUG EIGN 


ten double-headed bands in the region AA 6909-7431 observed by George* in a 

barium-fluoride arc and attributed by him to barium oxide. In the original 
paper are given, in addition, the wave-lengths of a number of bands of unknown 
origin between A 7873 and A 8224. The present paper gives an account of a further 
investigation of these bands. A photograph of the spectrum of the flame of a 
barium-hydroxide arc has failed to show any bands in the region AA 6909-7431 
but it exhibits some weak bands in the region AA 7900-8500; these, however, do 
not agree in wave-length with the bands given by George. The spectrum of the 
barium-fluoride arc, on the other hand, has been found to exhibit a striking set of 
bands in the region AA 6710-8750, of which the bands recorded by George un- 
doubtedly form part. It therefore appears that these bands cannot have a barium- 
oxide origin but must be due to barium fluoride. This assignment is confirmed by 
an analysis of the bands. When this work was partly completed, it was found that 
the ten double-headed bands measured by George had already been ascribed to 
barium fluoride and that vibrational quantum numbers had been assigned to the 
heads by Johnsont. However, as many new bands in this system have been 
observed, the wave-lengths are recorded in the present paper. 


I Kayser’s Handbuch der Spectroscopie, volume 7, are given the wave-lengths of 


§2. EXPERIMENTAL 


The source for the production of the bands was an are between carbon poles in 
air, fed with a current of 10 amp. from 220-volt mains. The lower and positive 
pole was hollow and packed with barium fluoride. 

In the preliminary work a glass spectrograph having a dispersion of about 
31 A.U./mm. at A 6685 and 67 A.U./mm. near A 8675 was used. In the region \A 6600— 


* W. George, Zeit. fiir Wiss. Phot. 12, 237 (1913). 
+ R.C. Johnson, Proc. RS. A, 122, 161 (1920). 
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77700 panchromatic plates and plates stained with kryptocyanin were used. ‘The 
former plates were not effective beyond 7200. In the infra-red from AA 7600-— 
8800, neocyanin plates, hypersensitized by bathing in dilute ammonia, were used. 
Plates for measurement were obtained in the first order of the 10-ft. grating which 
in this region has a dispersion of about 5:4 a.U./mm. An exposure of from half to 
one hour was sufficient with panchromatic and kryptocyanin plates. With a slit- 
width slightly greater than usual, a plate of the bands in the region A 7900-8750 
was obtained on a neocyanin plate in about seven hours. 


Table 1. Extreme red system of BaF, 22 — 72. 


Xd (in air) 1 v (in vac.) UU X (in air) Z v (in vac.) Uv ,v 
6715°81 2 14886°1 ; 138: 8 . : ; 
oe 2 880-6 (25°) f Be 8 oes (1, 1) 
2033 3 2 iss) 61°63 5 959°4 ( 
ae set 64:92 | 5 952°9 ae 
54°5 3 00" 735921 | 3 135846 
ee 3 Lee (12, 9) 63°28 3 577 (0, r) 
3°41 - 780°5 81:66 | 4 543°3 
6568 | 4 76°35 (4, 2) 85-67 ah 4 535° 2) 
87:16 4. 729°6 (a) 7404'18 5 502°1 
89°59 4 7240S : 08:23 5 13494°8 2,3) 
6810°62 3 ee | Gas 26:92 6 460:6 
13°33 | 3 el Ae 30°75) 1) 6 453°7 (3, 4) 
39°3 2 25°7 7449°73 5 419'5 
37°63 A Bao (7, 5) bee || a ee (4, 5) 
59°9 2 14573°2\ 72°54 4 133786 
; 62°95 2 eee) (8, 6) 76:08 4 372°2 (5, 6) 
909°33 + 14409'I 95°80 3 337°0 
ee | Sees. | 3 |S gant |? 
32°49 5 | 420°8 Cana) 751901 2 ee | (4, 8) 
gees | 5) |. 415"3 sooo alias 288°1 
5592 | 5 | 14372°5| 7661'22 | 2 13049" 
58°70 5 | 366°5 f (3, 2) — = 208? it (2, 4) 
79°40 4 323°9 = 83'5O ae O11'3 | 
82°07 4 318-4 (4, 3) aoe a 003°1f (3, 5) 
7002'29 3 14277'0 = — Ss 
05°75. | 3 Heol (5, 4) es aaa r29648f. | “® 
Rise gig) B 229°3 20°5 I 935'5 | 
29°65 2 22 ks (6, 5) BAITS I 926°8 J (5,7) 
7115°98 8 14049°0 | (0, 0) = ees =a a 
19°18 8 042°6 J ‘ = = = al 
* Obscured by Ba line 7664°89. + Obscured by Ba line 7706'58. 


For convenience a spectrum of the iron arc in the second order was used for 
comparison. The error in this procedure was estimated by measuring the wave- 
length of first-order lines in terms of the second order, and it was found that it 
could be approximately corrected by subtracting 0:03 A.U. from the calculated 
wave-lengths. The wave-lengths of the ultra-violet and violet second-order lines 
were taken from Kayser’s Handbuch der Spectroscopie, volume 7, and the wave- 
lengths of the first-order infra-red lines from a paper by Meggers and Kiess{. 


+ W. F. Meggers and C. C. Kiess, Scientific Papers, Bureau of Stds. No. 479 (1924). 
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§ 3. BANDS IN THE REGION M 6715-7734. 


This system consists of five sequences of bands with double heads separated by 
about 6 cm.-!. George has observed the (0, 0) and (1, 1) bands and four in each of 
the sequences Av = + 1. The bands as already mentioned have been assigned to 
barium fluoride by Johnson. The wave-lengths, intensities, wave-numbers and 
vibrational quantum numbers are given in table 1. The intensities have been cor- 
rected, as far as possible, for the varying sensitivity of the photographic plates in 
this region by a comparison of spectra taken on panchromatic and kryptocyanin 
plates. The wave-numbers of the heads can be represented by the formulae: 


1 


y = 14064°4 + 424-46 (v’ + 3) — 1805 (v + 3)? — 468-75 (v" + 3) 

+ 1-800 (97 +4)? — <2... (1), 
v = 14070°6 + 424°33 (v’ + 2) — 1-945 (v' + 3)” — 468-16 (" + 3) 

+ 1-816 (o" £4p> ee (2). 


Johnson considers that the less refrangible head of a pair is a O head and that 
the bands arise from the transition ?A > 7X*. This suggestion seems scarcely 
feasible, as the transition violates the selection rule for the component of the 
electronic angular momentum in the direction of the internuclear axis, AA =o 
or +1. It seems more probable that the bands are due to a *% — 2% transition. 
Such a band would consist of two strong R and two strong P branches, the lines 
R, (K + 4) and R, (K — 4) forming a “‘natural” doublet and likewise the lines 
P, (K + $) and P,(K — 4). On this assumption the two heads are the heads of 
the R branches. 


§4. BANDS IN THE REGION AA 7860-8750 


A part of this system, up to A 8224, has been measured by George. The bands 
are undoubtedly due to BaF. A number of the heads in George’s list have not been 
recorded in the present work and they appear to be merely fortuitous condensations 
of fine-structure lines. The analysis leads to the conclusion that the bands are due 
to a *II + 2 transition. The data for the system are given in tables 2, 3 and 4. 
Assuming that the *II doublet is normal, the component of shorter wave-length is 
*ITg > °X and its companion *II, + 2X. The sequences Av = 0, + 1 have been 
observed for the *Ily - 2X component. The distance between the R and O heads 
in the Av = o sequences is about 19:5 cm.~1, and in the Av = —1 sequence it is 
about 15 cm.-t. The R heads in the Av = + 1 sequence have not been observed. 
The Q heads are exhibited in the form of v’ and vo” progressions in table 3. The 
data for the *Il, + 2 component are not so complete. Seven Q heads in the 
Av = 0 sequence have been measured, and three additional faint heads can be 
seen on the low dispersion plates. It is probable that the Av = + 1 sequence is 
present further in the infra-red but owing to the great drop in sensitivity of the 
plates beyond A 8800 it cannot be measured, though on a very heavily exposed plate 
taken under low dispersion, bands can be very faintly observed in that region. 

* 'The notation used in this paper is that recommended by Mulliken, Phys. Rev. 36, 611 (1930). 
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Some Q heads in the Av = — 1 sequence have been measured. The earlier heads 
in the sequence may be present in small intensity, but if so they are blended with 
the R heads of the Av =o sequence of the "II; + 22, the later members of which 
fall very near the positions in which the earlier Q heads may be expected. The 
measurement of the observed heads has been rendered somewhat difficult by the 
fact that they are obscured by fine-structure lines of the *II; + *2 component. It is 
worthy of note that the R heads of this component have not been observed. The O 
heads of the Av = 0 sequence are strong and the R heads seem unlikely to be so 
faint as to escape observation. It seems more probable that the R branch turns 
back close to the origin, the resultant R head being blended with the Q head. 


Table 4. O heads of "IT, — #2 component. 


A (in air) i | v(in vac.) | (v’,v”) | A Gin air) i | »(in vac.) | (v’,v’) | 
8571°51 5 11663°4 | (0,0) 8337°21 4 IIQQI‘I (4, 3) | 
8595°35 8 116310 | (1, 1) 8359°12 3 11959°7 5,4) | 
8618-83 7 115993 | (2,2) 8383-80 3 119245 ss (6, 5) | 
8641-91 5 11568°3 | (3, 3) 8408-51 3 11889°4 | (7, 6) 
8665°85 3 1153674 | (4, 4) 8433°83 2 11852°7 (8, 7) 
8691°00 2 115030 | (555) 8459-27 2 11818-1 (9, 8) 
8713°14 I 11473'8 (6, 6) 8484°53 2 11782°9 (10, 9) 
89377005 | “@. | ai4gns f(a — — — 


The wave-numbers of the Q heads of the two components can be represented 
by the following formulae: 


v = 12281'1 + 436-70 (v’ + $) — 1-818 (v’ + 4)? — 468-71 (v” + 3) 


+ 1828 (v7 +4)?  o...., (3), 
v = 11679°0 + 438°88 (v’ + 3) — 1-680 (v’ + 4)? — 470-42 (v" + 2) 
+1i145o(e + EP ns (4). 


The accuracy of the latter formula is probably affected by the blending of the R and 
Q heads but the discrepancy seems outside the limit of error. Similar discre- 
pancies are found in the analogous *II — °S bands of CaF and SrF. The width of 
the *H doublet is 602-1 cm.-! which is of the order of magnitude to be expected 
from an extrapolation from the known separation in the other alkaline-earth 
fluorides. Moreover, the formulae for the Av = 0 sequences are almost exactly the 
same in the two components except for a constant term, and the assignment of the 
system to the transition *IT -- °X seems reasonably certain. 

It can be seen from a comparison of the formulae (1), (2), (3) and (4) that the 
two systems have the same final level. This level is also the final level of the well- 
known green bands of BaF. 
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ABSTRACT. The refractive index of gaseous n-pentane is found to be 1:001683 for 
the green mercury line, \ 5461, the result being expressed in relation to the density of the 
gas. The dispersion over the range A 4358-A 6708 is represented by the Sellmeier equation: 
(u — 1) = 14°605 x 10?7/(8978-4 x 102” — v?), where y is the frequency of the incident 
light. Revised values for gaseous chloroform are: 


p = 1001448 for A 5461 and (uw — I) = 15°391 Xx 1077 /(10933 x 10° —-y*). 


§1. PENTANE 


that of Mascart*. He found that, for sodium light, the ratio of the refractivity 

of pentane to that of air is 5-82 at 12° C. Dufet+ deduces from this that 
the refractive index under n.t.p. conditions is 1-oor7o1, assuming the index for 
air to be 1:0002923. No previous determinations of the dispersion of pentane have 
been made. 

The gaseous refractive index of normal pentane was determined in the present 
work for the green mercury line, A 5461, by means of a Jamin interferometer and 
Hilger monochromatic illuminator, a mercury-vapour lamp being employed as 
source of light. The general arrangement of apparatus was similar to that already 
described in the case of carbon disulphide}. The number of interference fringes 
displaced as the vapour gradually entered the refraction tube was observed, and the 
amount of vapour producing retardation of the light was estimated by means of the 
density bulb connected to the refraction tube. 

Ten determinations of the refractivity of normal pentane for the green mercury 


line A 5461 gave the values: 


[ only previous determination of the gaseous refractivity of pentane is 


(4 — 1)q X 10% es ag 1686, 1686, 1680, 1679, 1683, 
1686, 1684, 1684, 1675, 1683; 
Mean me a nae 1683. 


* Comptes Rendus, 86, 1182 (1878). 
+ Recueil de Données Numeériques (1898). 
+ Proc. Phys. Soc, 38, 47° (1926). 
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Here (u — 1)q denotes the refractivity in relation to the density, i.e. the values 
show the refractivity of gaseous pentane by the same number of molecules per unit 
volume as hydrogen contains at n.t.p. 

The data employed in obtaining the reduced values were: C = 12-000, H = 1-008 
and the density of hydrogen = 0-08985 gm./litre. These lead to the value 3-21 
gm./litre for the theoretical density of pentane, the corresponding experimental 
value being 3:29 gm./litre. 

The above value of the refractive index as determined for A 5461 being assumed, 
the dispersion was measured over the range A 4358-A 6708 with the results shown 
in table 1. In these experiments the number of interference fringes counted was at 


least 600. 


Table 1. Dispersion of gaseous n-pentane. 


: (4 — 1)q x 108 / 

din AU. Difference | 

Observed Calculated 

Li 6708 1663°7 1663°8 +o! 

Cd 6438 1666°8 1667-0 +02 / 

Li 6104 TOPE S 1671°7 + 0-2 ) 
Hg 577° 1677°3 1677°2 a 
Hg 5461 1683:0 1683:°2 + O2 
Cd 5086 1691°8 1692°2 + o-4 

Cd 4800 1699°9 1700°7 +o8 

Li 4602 1706°7 1707°5 +08 ) 
Hg 4358 1716-6 T7173 + oO7 


The values in the second column lead to the Sellmeier equation: 
(4 — I)a= 14°605 x 10°7/(8978-4 x 10°? — y°), 


where (4 — I)q represents the refractivity in relation to density and vy is the fre- 
quency of the incident light. 

Comparison of the present measurements with the determination of Mascart 
may readily be made; thus the Sellmeier equation gives the value of (4 — 1), for 
sodium light (A 5893) as 0-001675. On altering this in the ratio 


(experimental density at n.t.p.)/(standard density) = 3-29/3-21, 


the value of (« — 1) under n.t.p. conditions is found to be o-o01717. This corre- 
sponds to Mascart’s result as reduced by Dufet, o-oor7or. 

The refractivity of isopentane (boiling-point = 30° C.) also was obtained but 
while the value differs by 2} per cent. from that obtained for normal pentane 
(boiling point = 37° C.) it was felt that a differential method of experiment would 
be more suitable in the study of the changes of refractivity among isomeric 


compounds, and the work is not, therefore, being followed up with the present 
apparatus, 
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§2. CHLOROFORM 


Some results for the refraction and dispersion of gaseous chloroform have 
already been given*. Further experiments with various samples of chloroform give 
the most probable value of the gaseous refractive index of the substance in relation 
to the density as 1001448 for A 5461. With this revised value, the dispersion has 
been redetermined over the range A 4358-A 6708 as shown in table 2. The Sellmeier 
equation corresponding to the results in the second column is: 


(4 — I)q = 15°391 X 10*/(10933 x 10% — v?). 


Table 2. Dispersion of gaseous chloroform. 


‘ (u — I)q X 108% 
Ain A.U. Difference 
Observed Calculated 
Li 6708 1433°9 1434°0 + or 
Cd 6438 1436°2 143673 + or 
Li 6104 1439°9 1439°6 = 03 
Hg 5770 1443°5 1443'5 oo 
Hg 5461 1448°0 1447°7 = Re: 
Cd 5086 © 1454°7 1454°0 Of 
Cd 4800 1460°2 14599 — 03 
Li 4602 1464°6 1464°7 + O° 
Hg 4358 1471°3 14715 + 02 
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ABSTRACT. The refractive index of gaseous ethyl bromide in relation to density is 
found to be 1-001261 for the green mercury line, A 5461. The Sellmeier formula repre- 
senting the dispersion over the range A 4358—A 6708 is: 


(wu — I) = 12°407 X 1077/(10138 Xx 107” — y*), 


v being the frequency of the incident light. 


corded, namely that of Mascart* who used a pressure method and found 

the refractivity relative to that of air at 12° C. for sodium light, A 5893, to be 
4°16. This result, when reduced to n.t.p.conditions, leads to the value of the refractive 
index as 1-001216, the assumed value for the refractive index of air being 1-0002924. 
The dispersion of gaseous ethyl bromide does not appear to have been studied 
previously. 

The gaseous refractive index of ethyl bromide has been determined in the 
present work for the green mercury line, \ 5461, by means of a Jamin interfero- 
meter, Hilger monochromatic illuminator and mercury-vapour lamp as source of 
light. ‘The number of interference fringes displaced was observed visually while the 
vapour was gradually allowed to enter one of the refraction tubes, the other tube 
being kept permanently evacuated. The amount of vapour producing retardation of 
the light was estimated by means of a density bulb connected to the refraction tube. 

The results of ten determinations of the refractivity for A 5461 are as follow: 


Oe one determination of the refractivity of gaseous ethyl bromide is re- 


(uw — I)g X 108 a “s 1258, 1257, 1262, 1261, 1261, 
1257, 1262, 1263, 1265, 1268; 
Mean he ne 64 1261, 


where («u — 1)4 represents the refractivity in relation to the density, i.e. the results 


show the refractivity of gaseous ethyl bromide by the same number of molecules 
as 1 cm.° of hydrogen contains at n.t.p, 


* Comptes rendus, 86, 1182 (1878). 
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Dispersion measurements over the range A 4358-A 6708 gave the results shown 
in the table; these were made relative to the refractivity determination for A 5461 


Dispersion of gaseous ethyl bromide. 


; (u — 1)g X 108 
Ain A.U. Difference 
Observed Calculated 
Li 6708 1249°I 1248°4 —o7 
Cd 6438 I250°1 1250°6 + 0°5 
Li 6104 T25o.7) LAI) o'0 
Hg 5770 1257°0 1257°3 + 03 
Hg 5461 1261°3 1261°4 + o'r 
Cd 5086 1267°2 1267°3 ae (Pil 
Cd 4800 1273°0 1272'8 — 0:2 
Hg 4358 1283°4 1283°8 + o'4 


given above. The observed values of the second column, treated by the method of 
least squares, give the Sellmeier equation: 


(4 — 1)g = 12°407 X 10°7/(10138 x 107” — y*), 


v being the frequency of the light. 


Thanks are due to the Government Grant Committee of the Royal Society for 
a grant in support of the research. 
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ABSTRACT. In Heydweiller’s modification of the Carey Foster bridge as ordinarily 
used (with variable mutual inductance) the capacitance of the condenser can be read 
directly, but the power-factor has to be deduced by calculation. To facilitate direct 
reading of both capacitance and power-factor the author has developed two bridge 
systems, A and B, based on that of Carey Foster. In both of these a fixed mutual in- 
ductance M is used and there is no added resistance in the condenser arm. 

The capacitance C= M/PR, where P and R are the resistances of the other two 
arms. To give direct reading for C, P can be varied in simple steps (e.g. 10, 100, 1000, 
10,000), giving range multipliers, while R consists of a conductance box reading in 
millimhos. In system A a fourth arm Q of variable low resistance is added to the bridge. 
The power-factor is given by Q/Mw and can be read directly (at given pulsatance w) if a 
slide wire is used for Q. In system B the power loss in C is balanced by the addition of 
impurity to the mutual inductance M by means of a closed-loop circuit variably coupled to 
both the primary and secondary coils of M. When the resistance of this loop circuit is 
set proportional to the frequency, the scale of the double inductor which varies the coup- 
lings can be graduated to read the power-factor directly. When a simple amplifier is used 
in the detector circuit, a capacitance range of 100 yuF up to 10zF can be obtained and 
a power-factor range from o-oo01 to o-or with high accuracy of reading. 


§1. INTRODUCTORY 


a wide range of values the Carey Foster method with Heydweiller’s modifica- 

tion is, without doubt, one of the simplest and most accurate. The standards 
of reference, being resistance and mutual inductance, can be constructed to have high 
accuracy and good permanence. By using a variable mutual inductance the capa- 
citance can be read directly, but unfortunately the power-factor requires to be 
calculated from observed numbers. To avoid this difficulty the author has developed 
from the Carey Foster bridge two new bridge systems* which are direct reading 
for both capacitance and power-factor. They may be designated (A) Slide-wire 
system and (B) Closed-loop compensator system. 


P= the measurement of the capacitance and power-factor of condensers over 


§2. SLIDE-WIRE SYSTEM (A) 


The A-system is a four-arm bridge, as shown in figure 1, in which C is the 
capacitance to be measured and s the internal resistance representing its power loss. 
It is a simple Carey Foster system with the addition of a fourth arm Q, and without 
added resistance in the C arm. The resistances P, Q and R are variable and the 


* British Patent Specifications, No. 317,642 and No. 350,789. 
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mutual inductance M is fixed. Let the P arm have self-inductance L, and let g be 
the power-factor of C at pulsatance w ; 


then G=— Cos, 
It can then be shown that, for balance, 
C=M\PR—Qs) | vente (x), 
d : ve O  (L—M)w 
an power-factor q Mao P= Ope Bee © ee (2y 


Let Q be so small compared with R that Qs can be neglected. The equations then 
become 


CRIT TS ee (3), 
and PO Mae (i= 1) iP (4). 


Fig. 1. System A. 


Usually L is made equal to M, in which case 
G0) iim en ee rte: (5). 


In practice the approximations in equations (3) and (5) can be made very close to 
exactness. 

In order that C may be read without calculation, the value of M is made an 
integral power of Io (e.g. I mH) and the arm R consists of a conductance box 
reading in millimhos, while P can be arranged to go in steps such as 10, 100, 1000, 
10,000 Q, giving a series of ranges for C. 

For a given value of , q is directly proportional to Q. This latter is conveniently 
made a slide-wire, which can be graduated to read g directly for a standard value 
of w. 

For other frequencies a multiplying factor is required. The total resistance of 
the slide-wire is made so small, relatively to R, that the part x in the R arm is 
negligible except in extreme cases. Power-factors outside the normal range can 
be determined by altering L by known amounts, so that L — M is no longer zero, and 


calculating by equation (4). 


M, L,q 


bs 
p> 


> 
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Complete instruments have been built on this system giving, with two values 
of M, a range of capacitance-measurement from I »uF up to 10 uF, and reading 
power-factor directly at frequencies of 50 and 800 cycles per sec. from 0-0001 up 
to o-or. But system B is more convenient, as it is quite direct reading over a long 
range of frequencies. 


§3. CLOSED-LOOP COMPENSATOR SYSTEM (8B) 


The B-system is shown in figure 2. It consists of an ordinary Carey Foster 
bridge without external resistance in the C arm, but with a closed loop H coupled 
to the primary and secondary coils of the fixed mutual inductance MW by means of 
mutual inductances pz, and m which are both variable. The total resistance and self- 
inductance of the loop are p and A respectively, A being constant and p variable. 


Fig. 2. System B. 


A closed circuit of this kind may be called an “‘ /-compensator,” for it can be used 
to adjust the impurity of a mutual inductance, reducing it to zero if desired*, as 
mand y, can have the same or opposite signs. When the bridge is balanced we have 


MA —mp/CR=PXA+(L—M)p—Mps/R (6), 
and M/CPR = 1 — (w?/Pp) [(L — M — Ms/R)\ +m (m — w) + mus/R] 


In this particular application M is usually made equal to L, and p is always much 
greater than Aw. With these conditions, when the bridge is balanced, we have 


power-factor g = Csw = mpw/Mp 
and M/C = [P + m (m — p)/p] R— mum*s}p aan (9). 


By suitable choice of m, jx. and p the last term in equation (9) can be made negligible 
compared with PR, and thus 


M/C=[P+m(m—p)p]R 2... (10). 


In the practical instrument m and f are varied together so as to be always nearly 


For other applications see A. Cam b ll I. roc. J . So ‘ 2 347 7 t t 
p e ro. hr ‘AY Cc 9 
’ , Ly ’ (191 ) and British Pa en 
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equal except when both are small. In this way we can ensure that the m (m — p) 
term shall be negligible and then 


Cae 2 -- eae (11). 


As in system A, the capacitance is read directly, a conductance box being 
used for the arm R. To make the power-factor readings direct, the frequency is 
observed and p is set proportional to it, say 


| Rp = 0). 
Then Ge RM. =e CONS. Pk se. (ia). 


The variation of jz and m is carried out by means of a little inductometer whose 
fixed coils are in the primary and secondary M-circuits, while the rotatable coil is 
in the loop circuit. The scale is marked proportionally to mp and reads q directly. 

The actual instrument, which is made by the Cambridge Instrument Company, 
has a capacitance range from 10 nF down to 100 puF, with M—=1mH, but much 
smaller values can be measured by taking differences. Within the frequency range 
of 50 to 2000 ~ it reads power-factors directly from 0-01 down to o-ooor. The 
detecting instrument can be either a vibration galvanometer or a telephone, ac- 
cording to the frequency used. For the smaller capacitances, below o-1 pF, it is 
desirable to use an amplifier in the detecting circuit. With a simple amplifier and 
moderate power from the source it is possible to read the capacitance over the 
whole range to about 1 part in 10,000, and the power-factor to about 0-ooor. 


§4. CONDUCTANCE BOX 


The high accuracy of reading is attained by the use of the specially designed 
conductance box which forms the R arm. This consists of a number of variable 
resistances in parallel, beginning with three step-switch dials which give consecutive 
resistances of 


(1) 0, 100, 50, 33°33, 25 oP ae T1111, 10 Q, 
(2) ©, 1000, 500, 333°3, 250 ea are TIi-1t, 
(3) ©, 10000, 5000, 3333, 2500 Ee en I1111, 11000 Q, 


thus affording a range of o to 100 millimhos in steps of or millimho. It should be 
noticed that it is practically impossible to provide continuous adjustment down to 
zero, but a 1: 100 range is here convenient. ‘To continue this parallel-step system for 
finer adjustment would involve sets of resistance coils mounting up to megohms, 
which would be costly and troublesome. To avoid this difficulty, two more circuits 
D and E are added in shunt, each of the order of 5002. D is a single step-switch 
giving 
0°50, O°51, 0°52 ae d's 0-60 mmho (2000 2 down to 1666-7 2), 
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and E consists of two step-switches and a slide-wire, all in series, giving 


0*50000, 0:50001 ee ee o:51000 mmho (2000 2 down to 1960°8). 


D and E thus keep a minimum value (0-1 mmho) always in circuit, and this is taken 
account of by marking dial (2) with 1, 2, 3 ... 10 mmhos instead of 0, I, 2, 3 ... 10 
mmhos. Then dials (4), (5), (6) and (7) are marked o-o1, 0°02, 0°03 ...; 0.001, 
0002, 0:003 ... and so on. 

In the £ circuit the small conductance-variations made by the series switches 
do not add quite accurately, but the error is negligible. Even the minimum value 
(1 mmho) can be read with high accuracy. 
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ABSTRACT. The magnetostriction of unannealed wrought iron is measured, by means 
of an optical lever of length 0-12 mm., up to an intensity of magnetization of 985 e.m.u. 
The longitudinal extension and the intensity of magnetization are measured for a cycle of 
magnetization, both being found to show hysteresis. The extension is approximately 
proportional to the square of the intensity but seems to depend slightly on the previous 
magnetic history as well as on the intensity of magnetization. This hysteresis indicates 
that the extension is a consequence of the magnetization, in the same sense that the 
magnetization is a consequence of the applied field. 


or a bibliography of papers on magnetostriction since its discovery by Joule 
and investigation by Shelford Bidwell reference may be made to The 
International Critical Tables.* 

In the present experiments the longitudinal extension of a wrought-iron bar 
when magnetized was measured by means of an optical lever such as I have de- 
scribed previouslyt. The iron bar was 82-7 cm. long and 0-78 cm. in diameter. 
To its ends brass extension-pieces were soldered, and the bar was placed in a long 
vertical solenoid, having 19-3 turns per cm. The lower brass piece rested in a 
‘geometrical constraint” in a brass disc cemented to the floor. The lever had its 
outer legs resting on the pole-pieces of a small strong horse-shoe magnet which was 
supported on a slate bracket let into the wall. The third leg of the lever rested on the 
upper brass extension-piece. ‘The length of the lever, 0-12, mm., was only estimated 
approximately by direct measurement, but was found accurately by comparison 
with a less sensitive lever of length 1-41 mm. Deflections of the lever were measured 
by a simple lamp-and-scale method, the scale distance being 99-4 cm. The 
magnification of the lever was thus 16,400-fold. An extension of the specimen by 
one millionth of its length, i.e. 8-27 x 107° cm., gave a scale reading of 1:36 cm. 
A change in length by 1 in 136,000,000 would be just detectable on the scale. 

To make full use of the large magnification, it would be necessary to keep the 
temperature of the bar of iron constant to within about 1/1000° C, In the present 
experiments no thermostat was used, but the readings were taken in rapid succession 
and a correction was applied for the gradual change of zero. The accuracy thus 
attained is of the order 1/20,000,000 of the length of the specimen. Since a maximum 


* Int. Crit. Tables, 6, 441. See also W. L. Webster, Proc. Phys. Soc. 42, 435 (1930). 
+ Phil. Mag. 7, 1166 (1929). 
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scale-reading of 5-85 cm. was obtained, the percentage error in the reading of this 
scale was little, if any, greater than the percentage error in the reading of the scale 
of the ammeter in series with the solenoid. 

With the specimen supported by the floor, and the measuring apparatus sup- 
ported from the wall, it was found necessary to carry out the experiments without 
anyone walking within about two metres of the apparatus. a 

The longitudinal extension 6/// and the intensity of magnetization I were 
measured for applied fields of from o to 31-7 gauss, and also for cycles of magnetiza- 
tion with a maximum applied field of 31-7 gauss. The intensity of magnetization [ 
was measured by a magnetometer method, a simple declination magnetometer 
being used with a lamp and scale, and a coil to compensate for the effect of the 


I 
1000 


1000 


Fig. 1. 


field of the solenoid on the magnetometer. The results of these experiments are 
given in figures x and 2. In both of these diagrams the results are plotted against 
the magnetizing field H, which has been deduced by deducting the demagnetizing 
field from the applied field. A demagnetizing coefficient of 0-005, was assumed. 

In figure 3 the fractional extension 8/// is plotted against the intensity of magnet- 
ization I. In figures 2 and 3, the measurements have for clearness all been inserted 
on one half of the hysteresis curve. The experiments were not accurate enough to 
detect any difference between the shapes of successive cyclic curves. 

It was found, figure 2, that when the coercive-force field was applied the iron 
bar did not become quite as short as when the specimen was properly demagne- 
tized. Figure 3 shows that for small intensities of magnetization the extension is 
approximately proportional to the square of the intensity. This diagram also shows 
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that the specimen returns to its original length only when properly demagnetized. 
The diagram shows other hysteresis effects, the magnetostriction depending not 
only on the intensity of magnetization but also on the previous magnetic history of 


the specimen. The vertical arrow in figure 3 indicates the remanent magnetization 
and magnetostriction. 


LS n 
1000 500 fe) 
I> 


500 1000 
Fig. 3. 


The direction in which the hysteresis loops in figure 3 are traversed indicates 
that the longitudinal extension, or magnetostriction, is a consequence of the in- 
tensity of magnetization, in the same sense that the intensity is a consequence of 
the applied magnetic field. 


In conclusion I should like to thank Prof. J. A. Crowther for the interest he 
has taken in these experiments. 


DIE 
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ABSTRACT. A development of Callendar’s continuous-mixture method for the measure- 
ment of the total heat or specific heat of a liquid is given. It consists of the determination 
of the amount of heat extracted by a stream of water from a hot stream of the liquid. A 
discussion of the heat losses and the method of reducing and allowing for these is included, 
as well as experimental tests of the theory of the method. 


§1. INTRODUCTION 


mental data that will help in the attempt to produce a rational system of 

equations representing the thermodynamic properties of substances in liquid 
and vapour states. This is important not only for testing various theories, but also 
in many industrial problems. Such a system has been devised for the properties 
of water and steam by Callendar and others, and the use of steam tables is familiar 
to engineers. 

With the assistance of the Institution of Petroleum Technologists an attempt 
is now being made to obtain such measurements for petroleum oils. Following 
the methods used by Callendar, the continuous electric method* was first used, 
and recently the continuous mixture methodt has been suitably modified for use 
at temperatures at which the electric method is more troublesome. The object of 
the present paper is to describe this modified method, with particular reference to 
its use for oils, and the method of eliminating the heat loss. 


I: recent years attention has repeatedly been directed to the demand for experi- 


§2. THE TOTAL HEAT 


In practical calculations the quantity usually required is the change of total heat, 
and it is this that has to be calculated from the specific heat data. The advantage 
of the present method is that it directly measures this change over any range of 
temperature desired, and by the introduction of suitable throttles can be used over 


any range of pressure}. ‘Thus the energy-change per unit mass of the substance 
* H. L. Callendar and H. 'T. Barnes, Phil. Trans. A, 199, 55 (1902); H. R. Lang, Proc. RS. A 
118, 138 (1928). 
t H.L. Callendar, Phil. Trans, A, 212, 1 (1912). 
t H.L. Callendar, Howard Lectures, R.S.A. (1926). 


Measurement of total heat of a liquid by continuous mixture method 573 


in passing from one set of conditions to another is directly measured and tabulated. 
Usually, to obtain this information an uncertain calculation has to be made, in 
which a knowledge of the specific heat and its change with temperature is required, 
as well as certain other thermal properties of the substance. An example will make 
this clear. A quantity frequently required is the amount of heat necessary to 
change a liquid at one temperature and pressure to a vapour at another temperature 
and pressure. This is the difference of total heat between the two cases, and is 
obtained by simple subtraction, in place of the more usual intermediate steps which 
involve uncertainty. 

The variation of the specific heat of many liquids with temperature is quite 
complex, and unless some form of integrable equation can be fitted to the curve 
it is only possible to obtain the mean specific heat over a range by a graphical 
method, or by making an approximate equation to the curve. By the use of the 
total heat tables such a mean specific heat, if it is required, can be found by dividing 
the change of total heat between the two temperatures by the corresponding 
temperature difference. 


§3. ELEMENTARY THEORY 


The principle of the method is to measure the amount of heat extracted from 
a hot stream of the liquid by a cold stream of water. The necessary measurements 
are the rise in temperature of the water and the fall in temperature of the liquid, 
as well as the rate of flow of each stream. As in all other calorimetric experiments 
it is only possible to measure changes of total heat, so that, in order to find the value 
at the higher temperature (inflow), it is necessary to know that at the lower tem- 
perature (outflow). Let H, and H, be the total heat of the liquid in cal./gm. at 
the temperatures ¢, and f, respectively ; 


s the mean specific heat of water in cal./gm.-deg. between the temperatures 7, 
and f,; 

t, the inflow temperature of the water ; 

t, the outflow temperature of the water; 

m the rate of flow of the liquid (oil) in gm./sec. ; 

M the rate of flow of the water in gm./sec.; and let d@ = (t, — ts). 


Then the energy equation per second is: 


(H, — H,)m = sMd0 + heat losses ses (1). 


§4, THE APPARATUS 


The main features of the apparatus have been described in an earlier paper™, 
and only a brief outline will be needed here. The heat-exchanger, which is shown 
in figure 1 without the external jacket, consists of a central tube along which is 
passed a central rod carrying a spiral to cause good circulation of the oil. ‘The 


* H.R. Lang, ¥. Inst. Petr. Techn. 16, 792 (1930). 
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annular space between the rod and the tube is about 4 in. The water enters at the 
bottom, passes up the outside of the internal lagging, and then washes the outside 
of the central oil tube, and leaves again at the bottom. The internal lagging is of 
asbestos placed between two brass tubes. Special ot 
provision is made for the relative expansion of the 
various parts of the exchanger, and also for the 
escape of any air that may find its way into the 
apparatus. The exchanger is mounted vertically and 
is about three feet in length. The temperature rise 
of the water is measured with a differential pair 
of platinum resistance thermometers, reading to 
thousandths of a degree centigrade. ‘The temperature 
of the oil is also measured with platinum resistance 
thermometers. Jacketed thermometer pockets of 
the type used by Callendar* are utilized to make 
the heat losses from them independent of the flow- 
rate. 

Both flow circuits are fed from overflow devices; 
the rate can be varied for the oil by means of glass 
capillary-tube throttles, and for the water by raising WATER — 
or lowering the height of the overflow chamber. 
Experiment showed that the inflow temperature of Olt 
the oil could safely be taken as that of the thermostat 
bath from which it passes into the exchanger. This 
bath is controlled by a modified form of recorder in 
conjunction with a resistance thermometert, and its temperature varied by less than 
003° C. even at the highest temperatures used (250° C.). The connecting tube 
between the spiral of pipe immersed in this bath and the heat-exchanger was made 
as short as possible in order to minimize the heat-loss from this region. 


Internal 
lagging 


Fig. 1. The heat-exchanger. 


§5. METHOD OF ELIMINATING THE HEAT-LOSS 


In considering the heat-losses from the apparatus it has to be remembered 
that the temperatures of the water stream and the outflow temperature of the oil 
stream are never very different from the surrounding temperature. In its present 
form it has been possible to reduce the heat-loss from the apparatus to about 
2 per cent. on the fast flows, and a correspondingly larger percentage on the slower 
ones, since the heat-loss itself is independent of the flow. The greater part of the 
loss is from the water stream and is dependent only upon its rise in temperature dé, 
provided the temperature-distribution over the apparatus is independent of the 
rate of flow. By surrounding the heat-exchanger with a jacket fed from the same 


* H. L. Callendar, Phil. Trans. A, 212, 16 (1912). 
t H.R. Lang, Proc. Phys. Soc. 42, 589 (1930). 
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tank of water, the external temperature is always maintained the same as the inflow 
temperature. ‘The loss from the water may be written, 


heat-loss = f (d0, M). 


The terms in M have been included to allow for the possibility of a change in 
temperature-distribution due to conduction with change in flow, and are known 
to be very small. As a first approximation we may therefore write, 


heat-loss = k, dd, 


as far as the part lost from the water stream is concerned. In the earlier experiments 
there was a comparatively large and uncertain heat leak from the connecting pipe 
between the thermostat bath and the exchanger. This loss has been reduced and 
made quite definite and measurable in the following way. The pipe is lagged with 
asbestos, over the outside of which is fixed a heavy copper cylinder B, figure 2. 
This serves to distribute the heat generated by the passage of an electric current 


thermocouple 


Fig. 2. Lagging of the connecting pipe. 


through a coil wound on the cylinder and suitably insulated from it. The power 
supplied to the coil is varied so as to maintain a zero reading of a thermocouple, 
one junction of which is fixed to the copper cylinder while the other junction is 
in the thermostat bath. The outside of the lagging is therefore always at the same 
temperature as the inside, but a new difficulty is thereby introduced, namely that 
heat is able to creep along the pipe itself and so into the water, thus causing 
the temperature-rise of the water to be a little too large. Thus, in order to reduce 
the heat-loss from the oil, the radial temperature-gradient A—B, figure 2, from the 
centre of the pipe to the outside of the surrounding lagging must be reduced. 
This, however, changes the axial gradient C—D and thereby increases the conduction 
into the water stream. These two effects are antagonistic. It was found best to 
reduce to zero the loss from the oil by maintaining the radial gradient at zero, and 
to measure and allow for the conduction into the water stream. By making this 
connecting pipe as thin as possible and of a bad conductor (German silver) this 
negative heat-loss was reduced to the order of 2 per cent. of the total heat exchanged 
38-2 
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in the experiments. By taking ‘“‘a cold reading* ” (i.e. the rise in temperature of the 
water stream when no oil is flowing, all other conditions being the same) and sub- 
tracting this from that found when the oil is flowing, this loss, together with other 
small conduction losses, is eliminated. This involves the assumption that the tem- 
perature gradients remain the same. Such an assumption was made in a similar 
case by Regnaultt, in his classical experiments on the specific heat of gases at 
constant pressure. This has been criticized by Swann], who considers that this 
would give too low a value. The special feature of the present method, devised to 
overcome the difficulty, is that the gradients are maintained the same, in the manner 
described above. The radial gradient is always zero, and the axial gradient is 
sufficiently nearly the same when the oil is flowing as when it is not. For one end 
C of the pipe, figure 2, is in the thermostat bath, and the other D is washed by the 
cold stream of water immediately on entering the exchanger. It is this end of the 
pipe that may possibly change in temperature when the oil flow is turned on, but 
the experimental tests of the method given below show that the change may safely 
be neglected. It was found that the cold readings varied inversely as the rate of 
flow M, and the explanation is simple. If the temperature-distribution is inde- 
pendent of the rate of flow then we have 


heat absorbed by water = Msddé = constant, 


where d¢ is the “‘cold reading”’ and s the specific heat of water; and as the specific 
heat of water over this short range may be considered constant it follows that 


dd = c/M, where c is a constant. 


A typical set of ‘‘cold reading” lines is exhibited in figure 3, and the temperature 
of the thermostat bath is written along each of the lines. Except for work of the 
highest precision, it suffices then to observe ‘‘a cold reading” for one rate of flow, and 
from the line drawn through this point and the origin to read off the appropriate 
value for other rates of flow. 

In any experiment (set of flows) since the inflow temperature is constant and 
quite independent of the flow, and since the rise in temperature of the water is 
arranged to be the same for different flow-rates, the temperature-distribution 
over the apparatus will be almost the same in each case, and thus the heat-loss 
from the oil stream will be constant and independent of the rate of flow, and small 
compared to that from the water stream. Moreover, as the temperature-rise of 


the water (d@) is nearly enough constant throughout the experiment, this loss may 
conveniently be expressed in the form, 


loss from oil stream = k,d@ + f (m, dé). 


The additional terms have again been included as a reminder of the possibility 


* H. T. Barnes, loc. cit. p. 195. 


t Mémoires de l’ Académie des Sciences de l'Institut Impérial de France (1862). 
tf W.F. G. Swann, Phil. Trans. A, 210, 231 (1910). 
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of small changes of temperature-distribution with flow. The full equation for 
the heat-exchange per second may now be written: 


(H, — H,)m = sMd0 + k,d0 +h, d9+f(m,M,d0) ...... (2), 


neglecting for the present the end terms, and writing 


s=k, +k, 
we have H, = A, sd@MiJm + zd0fm anes (3); 
or Y = (H,— H,)m/d0M=s+2/M © aeeeee (4). 
05 = 


do (°C.) 


0 0-05 O10 O15 0-20 0-25 
1/M (sec./gm.) 
Fig. 3. Typical cold-reading lines. 


If then the small terms dependent upon the flow-rates are negligibly small, 
and if the other assumptions made are to be experimentally justified, a plot of Y 
against 1/M should be linear. Before the present form of the apparatus was. pro- 
ceeded with some preliminary experiments were made with water in both flow 
circuits and with a fourfold change of flow-rate. The experimental points were 
colinear to rather better than 1 part in 1000. In this case the values of H, and H, 
were taken from the standard tables for water. The apparatus was therefore de- 
veloped along these lines, and the following additional test was devised. Equation 


(3) may be written 
Fie wARe Remy eae etree: (5); 


where A=H,+sd0M[/m = aranene (6). 


The quantity A represents the total heat uncorrected for heat-loss, and will 
therefore depend to some extent on the rate of flow. It should be noted that only 
the ratio M/m of the two flows is required accurately, and the actual value of m 
is needed only approximately for the calculation of the small heat-loss term. The 
advantage of this is that the exact time of switching over the flows into the collecting 


378 H. R. Lang 


flasks need not be known, as being mechanically coupled they are switched simul- 
taneously. Further, as the densities of the oil and water are of the same order, the 
correction to the ratio of the weights on account of buoyancy becomes vanishingly 
small, Since H,, the total heat at the inflow temperature of the oil, is constant in 
any one experiment, a test of the above equation is provided by plotting the 
quantity A against d0/m. As z is small the value of A does not change very much 
from flow to flow, so that it is possible to use a very open scale. It has been found 
that for all the experiments so far tried this equation holds to an order of accuracy 
even better than the estimated observational accuracy, provided the flows are 
turbulent. Some typical ‘A curves” are shown in figure 4, and in order to save 
space a constant has been subtracted from the values of A. This and the tem- 
perature ¢, are given on the figure. The intercept on the ordinate axis gives the 
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Fig. 4. Typical curves for 4 


value of the total heat H, less the appropriate constant, and the slope gives that of 3. 
The value of H, has been obtained in each case from the integration of the specific 
heat/temperature curve found by the continuous electric-flow method*. It is 
usual to take the total heat as zero at o° C., and this forms the convenient arbitrary 
zero, When reckoned from this point H, is small compared to the second term in 
equation (3), and it is not therefore required to any great accuracy. Further, as 
the temperature t, does not vary by more than about 15° C. from laboratecy 
temperature, it is only necessary to know the variation of the total heat of the sub- 
stance over a short range of temperature, in order to be able to calculate the value 


Ola. 


§6. METHOD OF REDUCTION OF RESULTS 


The ns d@ in temperature of the water is calculated from the mean of a series 
of “cold” and “‘hot” readings, and is reduced to the gas scale in precisely the same 
Way as for the experiments by the electric-flow method*. The value of 1 equation 
(6), is next calculated, and when a “‘run” has been repeated the average is oa at 
this stage. In the earlier experiments the heat-loss term = was dis ass between 


* H.R. Lang, Proc. RS, A, 118, 141 (1928). 


Measurement of total heat of a liquid by continuous mixture method 579 


two equations of the form (6) for a fast and a slow flow. When an intermediate 
one had been used this value of z was substituted in the third equation. The two 
values of H, found in this way agreed in general to 1 part in 600, An abridged set 
of observations is given in table 1, which shows the magnitude of the various 
quantities to be measured and the agreement between “‘runs.”’ 


Table 1. Abridged set of observations. 


**Miri” fraction No. 4. Total heat at 4, = 131°§5° C: 


ty ts dé m | M 1b A Ay 
Gs gm./sec. cal./gm. 

RESIS On ee 7-98 7-703 07064 4:858 8-092 61:067 a 
pose aay 7691 0°7031 4:852 8-092 61°166 = 

5 17°84 7904 2°0432 13°921 9°715 63°568 64°94 
22°10 17°84 7°886 2-03 07] 13°885 9°706 63°601 = 

| 19°52 17°82 7°789 1°2993 9°077 8°547 62°962 Fis 
19°54 1782, | F747 1'2987 9° 132 8°557 63°031 65°09 


Mean value: H, = 65:01 cal./gm.; z = 0°351 cal./° C. 


A series of determinations of the specific heat of this oil had previously been 
made by the electric-flow method up to 100° C. and, by integration and extrapo- 
lation in the equation that had been fitted to these results, a value of 64:97 cal./gm. 
was obtained for the total heat at this temperature. This close agreement of values 
obtained by two entirely different methods, which is typical of many cases, shows 
that any constant errors that may exist can safely be neglected. 

From a large number of experiments that have now been performed with this 
apparatus, it has been found that the small variation in the value of the heat-loss 
per degree (z), is independent not only of the rate of flow but also of the rise in 
temperature of the water. A fourfold range of flows and a twofold range of tem- 
perature-rise have been tried. The value of z is calculated from the difference 
between two large and nearly equal quantities, and consequently an error of 1 part 
:n 1000 in one of these would make about 5 per cent. difference in the calculated 
value of z. Provided sufficient data are available, it is more satisfactory therefore 
to use an average value of 2*. Besides improving the accuracy of the results, this 
also halves the number of the necessary observations, as there is then only one 
unknown in equation (6), so that one flow suffices to obtain a result. 


§7. MEASUREMENT OF SPECIFIC HEAT BY THE METHOD 


Although primarily designed for the measurement of the total heat, the apparatus 
has been used to measure specific heat. ‘The knowledge of the total heat H, at the 
outflow temperature may be obtained with the mixture apparatus itself by means 
of a series of preliminary determinations of the mean specific heat over comparatively 


short ranges of temperature, say 20°-30° C. 


* Cf, H. L. Callendar and J. H. Brinkworth, Phil. Trans. A, 215, 391 (1915). 
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If S is the mean specific heat of the oil, then 


(H, — H,) m= S(t,—t)m=sdOM+2d0 a. (7), 
or if B = sd0M/(t, — t.) m, 
S = B+ 2d0f[t,—tjm-_ = ee (8). 


If, as before, the experiment is arranged so that the same temperature-rise is 
used with different rates of flow, and if the inflow temperature of the oil is kept the 
same, then the outflow temperature cannot be quite the same. As a result the mean 
temperature of the oil is changed, and since S in equation (8) is no longer constant 
it is impossible to eliminate the heat-loss between two such equations in the usual 
way. In cases where the value of z is known from previous experiments it may be 
considered as a constant of the apparatus, as was explained above, and in this way 
an immediate solution of the difficulty is provided. When this is not so, the difficulty 
may be overcome in two ways. First, if the difference of mean temperature is 
small the values of B may be corrected to the same temperature by the assumption 
of an approximate value for the rate of change of specific heat with temperature. 
In a second and more satisfactory method the inflow temperature of the oil is 
adjusted to keep the mean temperature the same for the different flow-rates. This 
is rather a laborious process since the outflow temperature is partly dependent on 
the inflow temperature, and partly on the temperature-rise of the water stream. 
After a little experience, however, it is possible to estimate the required values 
fairly closely. Now this change of conditions may seriously affect the assumptions 
regarding the heat-loss, on which the equations are based. This was tested experi- 
mentally by plotting B, equation (8), against d@/(t, — t,) m and resulted in the 
conclusion that the assumptions were still justified to at least the order of accuracy 
of the observations. Actually it is the mean specific heat that is measured, but over 
this short range of temperature it may be supposed to be equal to the true specific 
heat at the mean temperature, i.e. the differential (dH/dt),, of the total heat at 
constant pressure. By integration, the values of the total heat H, at the outflow 
temperature are then calculated, for use in the main series of experiments at 
higher temperatures. 
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ABSTRACT. A plate method for the determination of thermal conductivity and its 
variation with temperature between o and 100°C. is described. Although specially 
adapted for medium conductors (of the order 0-001 to 0-02 €.g.8. units) such as rocks, 
it can be used for substances of lower conductivity. 


Se NUR OD WiC LOIN 


N previous determinations of the thermal conductivities of poor or medium 
if conductors by direct steady-state methods it has been customary to use speci- 

mens in the form of either a spherical shell, a hollow cylinder, or a plate or slab. 
While methods involving the use of a spherical shell or a cylinder possess certain 
advantages, yet on account of the ease with which specimens in the form of rect- 
angular plates can be prepared and of the simplicity of construction of the necessary 
apparatus, the plate method has found most favour. It is with this method that the 
present paper deals. 

If heat be supplied to one of the large faces of a rectangular plate at a constant 
rate, the determination of the thermal conductivity of the material of the plate in- 
volves the accurate measurement of two quantities, namely the heat-flow per unit 
area across the plate and the temperature-gradient normal to the surface to which 
heat is supplied. The rate at which energy is supplied can be measured with great 
accuracy when electrical heating is adopted, the chief difficulty being the estimation 
of the heat which is lost by conduction and radiation from the sides of the plate; 
this loss should therefore be reduced to a minimum or eliminated altogether. The 
losses can be made very small by using very thin plates*, a procedure which is 
satisfactory with poor conductors but becomes impracticable with medium con- 
ductors such as rocks owing to the small temperature-gradient. A thickness of at 
least 1 cm. is desirable, particularly if the specimen is not homogeneous for in that 
case a thin plate would not be a representative specimen. ‘Thus by using thick 
plates increased accuracy in the measurement of temperature-gradient is secured at 
the expense of a greater lateral heat-loss. Guard-ring methodst have been used to 
eliminate the lateral heat-loss, such methods being ideal theoretically though they 
involve a complication of apparatus which it is the aim of the present method to 
avoid. In the present investigation a method has been used by means of which the 
losses can be reduced to about 5 per cent. or less, even with thick specimens, the 


* Eg. E. Griffiths and G. W. C. Kaye, Proc. R.S. A, 104, 71 (1923). 
+ E. Griffiths, “Heat Insulators,’ Special Report No. 35. SiR (geo). 
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heat-loss or emissivity being determined by a subsidiary experiment with the same 
apparatus. Determinations of conductivities over the ranges 15 to 30° C. and 105 
to 120° C. have been made for several substances, the values ranging from 0-002 


to 0-014 c.g.s. units. 
§2. DESCRIPTION OF APPARATUS 


The system of plates in position in the constant-temperature enclosure is 
illustrated in figure 1. In order to ensure symmetry in the heat-flow two similar 
specimens were used, one on either side of the hot plate. The latter consisted of a 
unit made by sandwiching two nichrome-wire-asbestos heating mats, connected in 
parallel, between two brass plates each 15 cm. x 14cm. x 1 cm. which are screwed 
together tightly. Each mat had a resistance of 100 ohms. Two mats in parallel 
were used for reasons of symmetry, their similar sides facing each other. The mats 
were insulated from the brass plates by sheets of mica and from each other by a wad 
of asbestos paper. On the outer faces of the specimens are mounted two similar 
channelled brass castings, each 15 cm. X 14 cm. X I°5 cm., through which a rapid 
stream of water can circulate so as to carry away the heat transmitted through the 
specimens. These will be referred to as the cold plates. 

The temperatures of the cold faces of the specimens being in this way kept 
practically constant and equal to that of the enclosure, the mean excess temperature 
of the specimens is never allowed to become very high, whereas the heat-supply and 
consequently the temperature-gradient can be made quite large. Such a method, 
which can be called “calorimetric” (as distinct from an “emissivity” method, 
which differs in having no water-circulation through the cold plates and is similar 
in principle to the classical method of Lees*), has marked advantages in permitting 
large values of the energy supplied (say 50 to 100 watts) and of the temperature- 
gradient (say 5 to 20 degrees/cm.) and thus increasing the percentage accuracy with 
which these quantities can be measured. As the mean excess temperature of the 
specimens above that of the enclosure is very much less in the calorimetric method 
than in the emissivity method for the same heat-supply, the heat-loss (which is 
approximately proportional to the excess temperature) will also be very much less. 
The following figures, taken from tables 1 and 2, afford an excellent comparison of 
the two methods; it will be seen that the heat-loss from the sides of the specimens 
amounts to 31 per cent. of the heat generated in the heating coil in one case, but 
only 3 per cent. in the other. 


Emissivity | Calorimetric 
method | method 
Energy W supplied to coil Io'r : 7 
Loss w, from sides of hot plate it van ret 
Loss w, from sides of specimens 3:18 } 155 x 
Mean flow W through specimens 3 ‘ 
(i.e. W — w, — w,/2) 7°16 | 50°23 
Mean temperature 0, of hot face agra: ©; | 27°93° c 
Mean temperature 0, of cold face Boor: Ge 12°49° c 
Mean temperature drop (6, — 6.) 2°05" C. 15°44° C. 
Thermal conductivity 5°33 X 16° |  e-ob x 10-8 ¢ g.s 


* Phil. Trans. A, 191, 399 (1898). 
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i An experiment performed without water-circulation through the cold plates 
gives the value of the emissivity which is used in calculating the heat-losses in the 
main (calorimetric) experiment. Since these losses are small, the emissivity is not 
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required to a high order of accuracy, an error of 10 per cent. in its value producing 
an error of less than o-s per cent. in the value of the conductivity. It is rather sur- 
prising that the value of the conductivity deduced by the emissivity method should 


| 
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differ by only 5 per cent. from the more reliable value given by the calorimetric 
method in spite of the smallness of the temperature-drop and the uncertainty in 
the value of the relatively large heat-loss in the former method. Assuming for the 
moment that no errors are introduced on this account, the discrepancy between the 
two values can only be explained by the fact that the usual assumption with regard 
to the effective heat-flow through the specimen is not justified. The assumption in 
question is that the effective heat-flow W is the mean of the heat (W — w,) which 
enters the hot face and of that (W — w, — w,) which reaches the cold face, i.e. 


W = W — Wy a Wp/2. 


For example, if the effective flow is given by the expression 


W = W—w,—rw,, 

where o < r < 1, the appropriate value of r which in the example quoted will make 
the values of the conductivity agree is 0-63, the values then becoming 5-02 x 1073 
and 5-04 x 10-* respectively, the former being reduced by 6 per cent. and the latter 
by only o-5 percent. The difference between the values of the conductivity obtained 
by the two methods was always about 5 per cent. so that the error, if any, involved 
in taking the value of 7 as $ will only be 0-5 per cent. of the conductivity as deduced 
by the calorimetric method. In short, the experimental results lead one to suppose 
that the effective heat-flow should be given by 


W=W- W, — TW, 


where 4 <r < 8, the error in the conductivity due to the uncertainty in the correct 
value of 7 never exceeding 0-5 per cent. 

The heating current is supplied by a battery of accumulators, the wattage being 
calculated from the resistance of the coil and the potential-difference between its 
terminals as measured with a calibrated voltmeter. The Wattage can be measured in 
this way to the same order of accuracy as the other quantities, the necessity of 
using a more elaborate potentiometer method being thus dispensed with. 

Measurement of temperature. It is important that the temperatures be measured 
at two points a known distance apart along the lines of heat-flow in the specimen, 
The practice of embedding thermocouples in the specimen itself is undesirable 
from the point of view of the inevitable distortion of the lines of heat-flow produced 
by the material used to cement the couples in place. It is also inadvisable to measure 
the temperatures of the hot and cold plates on the assumption that these give the 
temperatures of the specimen surfaces, particularly when the latter are hard or 
uneven, for then the thermal contact is poor and it is preferable to use thermo- 
couples in direct contact with the surfaces, as pointed out by Griffiths*. The thermal 
contact can be improved by using between the surfaces a cementing material, the 
thickness of which should be very small in comparison with the thickness of the 
specimen, a condition difficult to fulfil with thin plates. With thick specimens (1 cm. 
or more) the accuracy of measurement of temperature-gradient is increased, and it 


* Lec. Gijp. tas 
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is not necessary to adopt special methods of ensuring perfect plane parallelism of 
the faces or of measuring the thickness. 

In the present work the temperatures at the centres of the actual faces were 
measured by means of thermocouples in good thermal contact with the faces, the 
couples being in the form of very thin strips sandwiched between the specimens and 
the hot and cold plates. With brass plates of the thickness used here the temperature 
is uniform over the surface to within a short distance of the edges. The thermo- 
couples were made by hard-soldering together 28-gauge copper and constantan 
wires and rolling them out to form a strip about 15 cm. long and 0:03 mm. thick, 
with the junction in the centre. Latterly constantan-manganin couples were used 
in preference to copper-constantan couples owing to the fragility of thin copper 
strip, the e.m.f. per degree being only slightly less. There is also the additional 
advantage that the temperature-coefficients of resistance of both constantan and 
manganin are small, so that the galvanometer deflection per microvolt has prac- 
tically the same value at 0° C. as at 100° C. Readings of the e.m.f. were made with 
a slide-wire potentiometer adjusted to give a potential drop of 1 microvolt per mm. 
down the wire; the galvanometer, which was of the moving coil type, had a voltage- 
sensitivity of 2:5 divisions per microvolt. The e.m-f. could easily be measured to 
1 microvolt, corresponding to a temperature of about 0:02° C. Subsequently the 
slide-wire potentiometer was replaced by a thermoelectric potentiometer of the 
Cambridge Scientific Instrument Co. The e.m.f./temperature relations were ob- 
tained experimentally with sample couples over the range 0° to 100°, one junction 


being in melting ice and the other in a vacuum flask containing water, the tem- | 


perature of which could be controlled by a small heating coil and measured with a 
platinum resistance thermometer. If £ represents the e.m.f. of the couple in 
microvolts for a hot-junction temperature of t° C. the parabolic equation 


E= at + bf’, 


fits the observed values closely over the range 0° to 100° and can safely be extra- 
polated to 130°, the values of the constants being 


a = 38°5, b = 00-0425 for copper-constantan, 
a = 35°6, b= 0-0412 for constantan-manganin. 


The e.m.f. for t = 100 is practically the same for all couples provided the latter be 
made from wire taken. from the same two reels; in one case, for example, five 
constantan-manganin couples had the following e.m.f.’s: 3962, 3963, 3963, 3965 
and 3967 microvolts. In calibrating the couples used in the apparatus it is therefore 
sufficiently accurate to determine the e.m.f.’s at 100° and apply a proportionate 
correction on the appropriate parabolic formula. It has been shown by Adams* that 
the relation for a copper-constantan couple over an extended temperature-range 
(0° to 350° C.) is accurately given by the formula 


E = 74:67at — 13892 (1 — e-0r0026l?), 


* ¥. Amer. Chem. Soc. 36, 65 (1914). 


a,b 
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Over the range of temperatures used in the present work (0°—130°) the simpler 
parabolic formula gives values of the e.m.f. which agree with those obtained from 
the above formula to within 2 or 3 microvolts. 

The four thermocouples are insulated from the hot and cold plates by thin 
sheets of mica 0-05 mm. thick and of area slightly greater than that of either plate. 
These sheets must make good thermal contact with the hot and cold plates and 
with the surfaces of the specimens. A suitable substance for this purpose is British 
pitch, which is sufficiently fluid at 100° to flow over the surface and sufficiently 
viscous to be retained between the plates at 130°, the highest temperature reached. 
The four mica sheets are first attached to the surfaces of the hot and cold plates by 
means of the pitch, layers of pitch are then formed on the surfaces of the mica 
sheets ; and the whole system of plates, including the two specimens with the thermo- 
junctions in place, is mounted in a framework to prevent slipping. Steam is now 
circulated through the cold plates, and under the pressure of a 28-lb. weight the 
surplus pitch is gradually squeezed out until very thin layers exist between the 
surfaces. Owing to the high viscosity of pitch even at 100° this may take a con- 
siderable time, but it is inadvisable to expedite matters owing to the danger of 
creating small air pockets in the layers of pitch. 

The constant-temperature enclosure. In order to make the external conditions 
definite, and to investigate the thermal conductivity above 100° C., the apparatus 
must be placed in a constant-temperature enclosure. The latter consists of three 
portions, a hollow cylindrical jacket through which water or steam may circulate, 
and an upper and a lower cover channelled for water- or steam-circulation in the 
same way as the cold plates of the apparatus. Through the lower of the brass rings 
which form the ends of the cylindrical jacket are bored four small holes on either 
side for the passage of the thermocouple and heating-coil leads, and two $-in. holes, 
one on either side, for the passage of rubber tubing carrying the water circulating 
through the lower cold plate. A similar pair of holes through the brass ring at the 
upper end of the cylindrical jacket suffices for the rubber tubing connected to the 
upper cold plate. On the inner surface of the lower cover are soldered four brass 
sockets, the centres of which are at the corners of a rectangle of the same size, 
15cm. X 14 cm., as the faces of the system of plates. Four 3-in. wooden rods are 
fixed in these sockets, the rods being grooved along their length to within an inch 
of their base so as to support the system of plates at the corners, thus preventing 
any sliding of one plate over another. 


§3. EXPERIMENTAL PROCEDURE 


In carrying out a determination at room temperature, a rapid stream of water 
from the tap is passed through the lower cover, lower cold plate, cylindrical jacket, 
upper cold plate and upper cover in the order named. The heating current is then 
established and after the lapse of an hour the e.m.f,’s of the four thermocouples are 
measured until constant values are indicated. ‘Temperature-readings are obtained 
in this way for different values of the potential-difference between the heating coil 
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terminals. The stream of water is sufficiently rapid to give, for a supply of 100 watts 
to the heating coil, a rise of temperature of not more than 0-4° C. in passing through 
the cold plate, this rise of temperature being observed by means of mercury ther- 
mometers inserted in the circulating medium just before and after passage through 
one of the cold plates. A series of temperature-readings having been obtained for 
different values of the heating current, a series of emissivity readings is made over 
the same temperature-range by disconnecting the rubber tubing from the cold 
plates, the water-flow being through the jacket and covers only. Much smaller 
values of the heating current suffice in this case, but the realization of steady con- 
ditions is prolonged to about 8 to 10 hours, instead of one hour as in the calorimetric 
method. 

The procedure was similar in making determinations of the conductivity above 
100° C., except that steam was passed through the system in the reverse order, 1.e. 
downwards instead of upwards, any tendency to superheat being thus avoided; 
the steam was then condensed and returned to the boiler. 


$4. THEORY OF THE METHOD 


Determination of the emissivity. Let 


W be the energy supplied to heating coil in watts ; 

d, the thickness of the hot plate in cm. ; 

d, the thickness of each cold plate in cm. ; 

d, the mean thickness of the specimen in cm. ; 

p the perimeter of the specimen in cm. ; 

A the area of face of the specimen in cm.?; 

6, the mean temperature of the hot faces in degrees C. ; 
§, the mean temperature of the cold faces in degrees C. ; 
¢ the temperature of the enclosure in degrees C. ; 

h the emissivity in watts/cm.?-degrees ; and 


K the thermal conductivity in c.g.s. units. 


Then it follows that in the steady state 


W = h{pay(0,— 4) + 20d, (“9 $) 42 (pd + AVA) 


2 


from which the value of # at a mean temperature of (6, + 6,)/2 can be determined. 
The assumption is here made that h is the same for all the surfaces and is indepen- 
dent of the temperature. As the difference between 4, and 6, is never more than 3 
or 4 degrees in this experiment the latter assumption is justified. he first assump- 
tion is not strictly legitimate even if the different surfaces be made similar by 
varnishing, so that the above equation gives only a rough average value for the 
emissivity. As was pointed out previously, however, a comparatively large error 
on this account influences the value of the conductivity to only a small extent. 
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The approximate value of the conductivity K as given by this method is 
K = Wa,/2A (6, — 62) x 4:18, 
where W, the effective flow through the specimens, is given by 
W = W — hpd, (0, — ¢) — hpd,{(@, + 9)/2 — }. 


Determination of the thermal conductivity by the calorimetric experiment. If, as 
before, 6, and 6, represent the mean temperatures of the hot and cold faces 
respectively in the calorimetric experiment, the hot plate will be at an excess 


temperature of (6, — 6,) above that of the enclosure, and the specimens will be 


at an excess temperature of (6, — 6,)/2 approximately, since the temperatures of 
the cold faces and of the enclosure are practically the same. 
The effective flow is therefore given by 


W=W- hy pd, (8, — 82) — hapd, (0, — 8.)/2, 


where h, is the emissivity at a temperature 6,, and /, is the emissivity at a tem- 
perature (8, + 0,)/2, these values being given by the emissivity experiment. 
The thermal conductivity is, as before, given by 


K = Wa,|2A (0, — 0,) x 4:18, 


at a mean temperature (6, + @,)/2. 


§5. SPECIMEN OF OBSERVATIONS 
As an example of the method the observations are given in some detail for slate 
d;, = 2°35 cm., 


d, = 1°565 cm., 


d, = 2°795 cm., 
p = 58-7 cm., 
A. = 215-0 cm.®. 


Table 1. Values of the emissivity. 


W a Oy é | (0, + 65)/2 | h 
(watts) (Gs) C263 | tS : CC y _ (watts/cm.?-degree) 
5°73 19°31 18-19 “85 18-75 ) Gis x Ioc° 
6:98 21°88 20°52 nee aan ) és xm 
8:94 24°21 22°49 10°25 23°35 G53. 10 
10°19 25°70 23°61 9°55 24°65 O47 1G. 
II‘Or 28°45 25°97 9°90 27°21 6:60 x 1074 
14°78 3a.83 29°24. 10°05 30°79 6:S4.X 16" 


Values obtained above 100° C. ranged from 9°34 X Io~* at a mean temperature 
of 108-62° C, to 1072 x 1074 at a mean temperature of 127-51° C. By plotting 
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emissivity against mean temperature graphs are obtained from which the appro- 
priate value of / can be read off in deducing the losses in the main experiment. 


Table 2. Values of the thermal conductivity. 


Ww Oy (0, — 9) Wy Wo W (6, 02) Kescio® | 
(watts) GC) (Ge) (watts) | (watts) (watts) c ae (Geis) 
32°87 22°76 9°71 0°85 0:96 ne 17°90 "052 
35°63 23°20 10°49 0°92 1°04 ae re 3-067 
47°95 Piss 14°02 127, 1°41 45°97 20°52 5°100 
52°41 27°93 15°44 1°40 1°55 50°23 20°21 5060 
63°16 Biase) 18-62 1°74 1°92 60°46 23°2,1 5'049 
69°76 23°22) 20°47 1°94 Zee, 66:76 Apgar. BI | 
74°54 25°32 21°92 2°10 2°28 71°30 24°36 Oa | 
80°46 | 37713 23°64 2°31 2°48 76°91 25°31 5059 
93°89 41°00 DGPS 2°76 2°93 89°66 Pa RAB) 5064 
104"0 44°33 30°51 3°14 3°28 99°22 29°07 57058 
109'2 46:00 B202 3°43 3°50 104'0 29°94 5°035 
II5°7 47°99 33°98 3°60 3°74 1102 3100 | | 5044 


The following values of K x 10° were obtained for mean temperatures ranging 
from 105-43° C. to 113°88° C., the values of W ranging from 28-15 watts to 73°96 
watts, and (0, — ,) from 8-76° C. to 22°82° C.: 


4-694, 4°684, 4°697, 4°090, 4-694, 4:670, 4°679, 4:672, 4°681, 4°702, 4°671, 4°690. 
The above values of the conductivity are plotted against the mean temperature 
in figure 2. 
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On the assumption that a linear relation 
K, = K, (1 + 9), Kes Kae 
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holds over the range 0° C. to 130° C. the following values are obtained: 
K, = 0°00517 c.g.s. units, 
% = —0:00085. 


It will be noted that for this specimen the lateral loss amounts to 34 per cent. of 
the total heat supplied at room temperature. At 100° C. the loss is nearly 5 per cent. 
By cutting down the plates to a thickness of } in. it would be possible to reduce the 
lateral loss to 1 per cent., while still maintaining an accurately measurable tem- 
perature-difference. In spite of the comparatively large heat-loss the values obtained 
show a fair consistency, as will be seen from the table; the consistency is even 
greater in the case of plate glass, for which, owing to its small thickness ({ in.), the 
percentage loss is less. It may be remarked that the determinations at steam tem- 
peratures were generally more erratic than those at room temperature. 


§6. SUMMARY OF RESULTS 


The following substances were investigated: plate glass, slate, crystalline lime- 
stone and quartzite. The quartzite was obtained from South Africa; the sources of 
the limestone and the slate are not known. The specimens of slate show evidence of 
laminations in planes parallel to the largest faces (i.e. at right angles to the direction 
of heat-flow). 

The values of the thermal conductivity at o° C. and the temperature-coefficient 
are given in table 3. 


Table 3. 
| Density Ko 
Substance | (gm./cm.%) (c.g.s.) : 
Plate glass 2°55 0001845 + 000168 
Slate 2°78 0°00517 -- 000085 
Crystalline limestone 2°70 ©°00539 — 0°00095 
Quartzite | 2°95 O°01493 — 0°00163 


Except in the case of plate glass, values obtained by other investigators vary 
considerably. ‘These variations are undoubtedly due in part to differences in the 
composition of substances of the same name which may have been quarried from 
widely separated localities. 

For plate glass Meyer* obtained the value o-oor79 at 12: 5° C., while the value 
given by Niven and Geddest (0-001923 at 20° C.) agrees with the author’s. 

Previous values for slate are considerably lower than the above value; Lees and 
Chorlton} give 0-00357 at 94° C. while Herschel, Lebedour and Dunn§ obtained 
a value of 0:0034 perpendicular to the cleavage planes, the value in a direction at 
right angles being much higher. The low values could be explained if the specimens 


* Wied. Ann. 34, 596 (1888), t+ Proc. R.S. A, 87, 535 (1912). 
t Phil. Mag. 41, 495 (18096). § Brit. Ass. Report, 49, 58 (1879). 
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of slate used by these observers were more markedly laminar than those used in the 
present work. 

Limestones and marbles vary considerably, as judged by the wide range of 
values of conductivity ; Poole* gives values ranging from 0-0046 to 0:0057 at 40° C. 
and 0:0039 to 0-0049 at 100° C., those at the lower temperature being in substantial 
agreement with the determinations of Herschel, Lebedour and Dunn}. Values as 
high as 0-007{ have been obtained for marble. 

The comparatively small number of determinations of temperature-coefficients 
shows even greater discrepancies between the values obtained by different observers. 
According to the present work slate, limestone and quartzite possess negative co- 
efficients, and this result is in agreement with those obtained for the majority of 
rocks. In connexion with the positive value obtained for plate glass it may be 
noted that Lees§ gives a value of + 0:0025 for window glass. 
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ABSTRACT. This paper describes an investigation of the attenuation of radio waves, 
of wave-lengths between 5 and 1o metres, when transmitted directly along the earth's 
surface. A brief description is given of the transmitters employed, one being a fixed in- 
stallation used with an input power supply of the order of 500 watts, the other a trans- 
portable set operated with an input supply of about 50 watts obtained from batteries. 

The observations of field-intensity were obtained by measurement of the audio- 
frequency voltage across the telephones of a simple two-valve loop receiver, a brief descrip- 
tion of which is given. Measurements were carried out at both Slough and Teddington 
of the field-intensity at various distances from the transmitter up to 700 metres. In some 
of the experiments a negative attenuation effect was observed in the radiated field over 
a distance of about 4 wave-lengths. Later measurements carried out under more favourable 
conditions did not show this effect, which was, therefore, attributed to the interference of 
waves reflected from trees and buildings in the neighbourhood of the transmitter. Some 
qualitative observations were made at distances up to 20 miles with a single-loop direction- 
finder. These observations showed that the signal intensity on such short wave-lengths 
depends to a great extent upon the existence of obstacles in the path of transmission. The 
signal-intensity at a distance of 20 miles over a direct air line was of the same order as that 
obtained at 4 miles for transmission along the ground. 

A comparison has been made between the experimental results and those calculated 
from a simple wave-attenuation theory, the electrical constants of the earth being taken 
into account. As a result of this comparison, the value of the conductivity of the earth 
appears to lie between 5 x ro® and 30 x 108% e.s.u. for the frequencies of 30 to 60 mega- 
cycles per second employed. These values correspond to resistivities of from 1800 to 
300 ohm/cm.® The most suitable value of the dielectric constant of the earth is about 10, 
although the experimental method does not enable this to be obtained with any great 
accuracy. 

A brief description of some experiments carried out with a single-loop direction-finder 
on the wave-lengths under consideration is appended to the paper. 


§x. INTRODUCTORY 


URING the past few years considerable progress has been made in the technique 

of radio transmission and reception on ultra-short wave-lengths (below 

"10 metres), although such wave-lengths have scarcely yet been applied to 
practical communication. While radio transmission to long distances depends upon 
the propagation-facilities provided by the upper regions of the atmosphere, trans- 
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mission over the earth’s surface depends rather upon the scattering and absorption- 
effect of obstacles on or near the earth’s surface, and upon the absorption of energy 
in the earth. On the first point it is easily understood that such objects as buildings, 
hills, trees, etc., whose dimensions are negligible compared with the longer wave- 
lengths, may become serious obstacles in the path of ultra-short waves whose 
wave-length is comparable with or smaller than the principal dimensions of the 
obstacles. On the matter of the attenuation of radio waves due to the finite con- 
ductivity of the earth, a certain amount of data has been made available during 
the past few years as a result of experiments carried out on longer wave-lengths 
(1,2, 3,45, These data have been used on the one hand to compare the experi- 
mental results with the various theoretical formulae which have been suggested to 
account for the effect of the earth’s resistance, and on the other hand to deduce 
values forthe conductivity and dielectric constant of the earth. Even were complete 
agreement reached on the theoretical side it would still be desirable to ascertain to 
what extent these electrical constants of the earth vary with the frequency of the 
oscillations employed. 

The objects of the investigations described in the present paper were, firstly, to 
extend the existing data on ground-wave attenuation into the region of wave-lengths 
below 10 metres (frequencies above 30 megacycles/sec.), and secondly, to en- 
deavour to deduce values for the electrical constants of the earth at such frequencies. 


§2. DESCRIPTION OF TRANSMITTERS 


The experimental portion of the work was carried out partly at the Radio 
Research Station, Slough, and partly at the National Physical Laboratory, Ted- 
dington. A description of the principles underlying the design of the transmitters 
employed has been given in a former publication: which contained illustrations 


Fig. 1. Schematic circuit diagram of two-valve push-pull transmitter. 


of the equipment installed at Slough. At this station the transmitter comprised a 
push-pull oscillator using two 250-watt valves feeding a single tuned oscillatory 


circuit, the arrangement being as shown in the schematic diagram in figure 1. ‘The 
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valves were erected on a skeleton wooden panel, and were so arranged that the 
connexions from the valve electrodes to the tuned circuit were as short as possible. 
Suitable choke-coils were inserted in the leads to filament and anode, in order to 
restrict the oscillatory current as far as possible to the tuned circuit. The valve 
filaments were operated from a 16-volt battery and the anode current was obtained 
from a motor-generator giving a d.c. supply at from 2000 to 5000 volts. When 
operating with an input supply of a few hundred watts to the set the circulating 
current in the tuned circuit was several amperes at wave-lengths between 5 and 
10 metres, this range of wave-length being obtained by the use of different sizes 
of single-turn inductance loops. In some of the experiments the radiation direct 
from this loop was adequate for measurement purposes, and the arrangement 
possessed the advantage of forming practically a point source. For other measure- 
ments at greater distances, however, the loop was coupled to a Lecher-wire system 
by means of which the radio-frequency energy could be supplied to a half-wave 
aerial erected at some 10 metres from the transmitting hut. When both the Lecher- 
wire system and the aerial were accurately tuned to the working wave-length, the 
current at the centre of the aerial was of the order of o-5 amp. The aerial was con- 
structed in a telescopic form so that it could easily be adjusted to resonate at the 
desired wave-length. 

In addition to this installation a smaller transmitter was constructed. This em- 
ployed an essentially similar circuit arrangement, but used two 25-watt valves of 
a type which could be operated from a 300-volt anode-current supply. For this 
purpose the set could be operated from a 12-volt battery, a small motor-generator 
being used for obtaining the anode current, or alternatively the set could be operated 
from a 6-volt filament battery and a 300-volt h.t. battery. The latter method was 
found to be preferable as it avoided the necessity of a smoothing circuit in the 
h.t. supply, and gave greater constancy of frequency of the generated oscillations. 
The transmitter, with the exception of the inductance loop of the oscillatory circuit, 
was built into a screened box which was mounted on a table, which carried the 
batteries and was provided with castors. The whole set was thus transportable as a 
unit, and could be placed on any suitable site with no difficulty arising from inter- 
ference due to power-supply cables. Since the main portion of the transmitter was 
screened and radio-frequency currents were excluded from the battery-supply 
leads by the use of suitable choke coils and condensers, the inductance loop formed 
practically a point source of radiation, the strength of which was found to be ade- 
quate for the experiments for which this transmitter was used. 


§3. DESCRIPTION OF RECEIVER AND METHOD OF 
MAKING MEASUREMENTS 
The type of receiver employed has been described in the publication to which 
reference has already been made, It comprised a single-valve retroactive detector 
stage followed by one stage of audio-frequency amplification, the schematic circuit 
diagram being given in figure 2. A single-turn loop was used as the receiving aerial 
and as the inductance of the sole oscillatory circuit employed. This loop was 
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mounted directly on the top of ascreened box which contained the whole of the rest 
of the receiver including the batteries. By the use of single-turn loops of diameters 
between 5 and 12 in., constructed of } in. copper tube, wave-lengths from 4:8 to 
10:8 metres could be covered. 

The output from this receiver was measured by connexion of a suitable valve- 
voltmeter directly across the output terminals, a measure of the audio-frequency 
voltage across the telephones being thus given. In some of the experiments the 
radio-frequency current at the transmitter was modulated at a constant audio- 
frequency and no difficulties arose from note variation: in the majority of the 
experiments, however, continuous waves were used, and the signal current was 
reduced to an audible frequency by the autodyne method, the detector stage of the 
receiver being made to oscillate. Although a certain amount of difficulty was ex- 
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Fig. 2. Two-valve short-wave loop receiver for field-strength measurements 
and direction-finding (wave-length range 4 to 10 metres). 


perienced due to note variation under these conditions, it was found that in favour- 
able circumstances the beat frequency could be maintained constant long enough 
for a measurement to be made, and that the readings could be repeated to a reason- 
able degree of accuracy. This was especially the case with the battery-driven 
transmitter with which the difficulties due to frequency variation were relatively 
small. 

The receiver used in this way for relative signal-intensity measurements was 
calibrated directly from the transmitter by variation of the oscillatory current while 
measurements of the signal output were made with the receiver at a fixed position. 
In this way it was determined that up to outputs of nearly two volts, the measured 
output was proportional to field-intensity. Three ranges were provided on the valve- 
voltmeter, and the sensitivity of the receiver could be altered by variation of the 
retroaction adjustment, but care was taken not to use too critical a value of this, so 
that small accidental variations would not produce an appreciable effect. 

The procedure adopted in obtaining attenuation curves was first to mark out 
the line of propagation required with wooden pegs at intervals of 10 metres or 
100 metres from the transmitter. The receiver was then taken in succession to each 
position and a measurement of the output made for each of two or three values of 
transmitter current. No alteration of receiver conditions was made in changing 
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from one position to the next, and the transmitting-aerial current was ee ; 
throughout the experiments by means of a thermo-ammeter inserted at its mid- 
point. During the measurements the receiver was placed directly on the ground and 
the observer lay alongside it to avoid any variable effects due to his presence, since 
in the upright position a man can produce quite a marked variation in the field- 
strength in his proximity on these short wave-lengths. In each experiment measure- 
ments were made in the above manner at each position over the full length of the 
run and were then repeated during the return journey to obtain a check. The 
readings were then reduced to a unit value of transmitting aerial current and also 
to the relative intensity at some position arbitrarily chosen for the purpose of the 
tests. 


§4. EXPERIMENTAL PROCEDURE AND RESULTS OBTAINED 


(a) Measurements at Slough at short distances. The short-wave transmitting hut 
at Slough was erected near a corner of a field which was bounded by a moat and 
a bank of trees. The trees were at a distance of from 50 to 100 metres from the hut, 
and there were two buildings at distances of from 25 to 50 metres. Over an arc of 
some 30° from the transmitting hut, however, there was a clear path which extended 
to a distance of over 600 metres and was free from trees, buildings, or other ob- 
stacles. he transmitting aerial was erected at a distance of 10 metres from the hut 
and was connected to the oscillator by a Lecher-wire system. The line of the Lecher 
wires was arranged along one side of the clear arc just referred to, and for the pur- 
pose of the measurements to be described below this line was taken as the zero 
direction. 

In order to ascertain the effect of the various obstacles surrounding the trans- 
mitting hut, measurements were made of the field-intensity in various directions at 
distances varying from 7 to 100 metres, all conditions at the transmitter being 
maintained constant. At distances up to 18 metres the radiation-distribution was 
found to be fairly uniform in all directions around the transmitter, except where the 
hut was between transmitter and receiver. At a radius of 100 metres, however, the 
distribution of radiation varied greatly with the direction of transmission: the 
results obtained on the three wave-lengths employed are shown plotted in rectan- 
gular co-ordinate form in figure 3. The positions at which the circle of reception 
crossed the surrounding trees and the electric power cable supplying the trans- 
mitter are indicated in this diagram. It is clear from these graphs that while within 
the open sector of 0° to 30° mentioned above the field-intensity is reasonably con- 
stant for each wave-length, erratic variations in field-intensity were experienced in 
other directions. There is a pronounced drop in intensity, for instance, in the 120° 
direction where the receiving measurements were made beyond a belt of trees. In 
other directions the effect varies with the wave-length employed and indicates not 
only the absorption due to the trees but also the reflection and scattering effects 
which would be expected from obstacles several wave-lengths high. The power 
cable is seen to produce effects varying with the wave-length, the resultant intensity 
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being due possibly to resonant phenomena in the cable itself. Since a vertical half- 
wave aerial was employed at the transmitter the radiation was polarized with the 
electric force in a vertical plane and it is, therefore, to be expected that trees, the 
lower portions of which are sensibly vertical, would form an effective screen to the 
passage of such waves. Further, it is reasonable to suppose that waves polarized 
with the electric force horizontal would penetrate the trees more easily, but their 
propagation along the ground itself would be very difficult. The investigation was 
concerned with propagation along the ground free from the effects of obstacles, and 
the use of horizontally polarized waves has not so far been investigated experiment- 


ally. 
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Fig. 3. Short-wave transmitter at Slough. Measurements of field-intensity in different directions 
at constant distance of 100 metres (wave-lengths 5:5, 7°5 and 9:5 metres). 


Attention was now turned to the carrying out of field-intensity measurements 
at various distances from the transmitter in the clear sector. In the first series of 
tests the transmitting aerial was removed and the radiation direct from the loop of 
the oscillator used for measurements at distances of from 6 to 300 metres. Figure 4 
shows the results of a series of such measurements made on a wave-length of 
8-7 metres and in the two directions 30° apart which form the boundaries of the 
“clear” sector. The ordinates are given as the product of the field-intensity and 
distance for each position employed, and it may be pointed out that this quantity 
would be constant at all distances for the ideal case of propagation over a flat per- 
fectly conducting earth. The graphs in figure 4 indicate that in each case, for short 
distances between transmitter and receiver, the product of field-intensity and dis- 
tance increases with the distance, attaining a maximum value at a distance of about 
36 metres. The suggestion has been made that this might be due to a mutual coup- 
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ling effect between the transmitter and receiver tuned circuits, but this was con- 
sidered to be unlikely since no difficulty was experienced in maintaining constant 
the conditions at the transmitter. It was next considered that the peak in ope —— 
indicated a negative attenuation effect, as has been suggested by Ratcliffe’*’*’, to 
explain some of his own experimental results on wave-lengths of 1600 and 30 metres. 
Some doubt was felt about the validity of this explanation, however, because of the 
possible reflection effects which might occur from surrounding obstacles ; and these 
doubts were confirmed by the fact that within the range under consideration the 
readings obtained with a direction-finder on the transmitter showed that large 
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Fig. 4. Field-strength measurements at distances of 6 to 300 metres from a small loop 
transmitter (wave-length 8-7 metres). 


changes in the indicated bearing occurred with small changes in position. Further- 
more, it may be recalled that in their experiments carried out in Bushey Park in 1905, 
Duddell and Taylor® found that the product of received current and distance 
from transmitter did not always decrease as the distance from the transmitter was 
increased, and in some cases a definite increase in the value of the product was 
recorded. 'These experiments were carried out on a wave-length of the order of 
too metres and these anomalous results were ascribed to scattering effects of the 
trees between transmitter and receiver. It was, therefore, decided to attempt the 


carrying out of more accurate measurements on a site free from the obstacles 
referred to above. 


es 
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(b) Measurements at Teddington at short distances. For the purpose of these 
measurements a transportable type of transmitter was developed on the lines already 
described in § 2. The great advantage possessed by the use of this set was that it 
could be taken to a clear site and no difficulties due to the attachment of power- 
supply cables would arise. The next series of measurements was carried out on a 
field at the National Physical Laboratory approximately 250 metres square and 
clear of any obstacles. The transmitter was set up at a point at least 100 metres from 
any interfering obstacle along the boundaries of the field, so that a clear run 100 to 
150 metres in length was obtainable before the receiver came under the influence of 
the conditions on the boundaries of the field. 

As in the previous case, a measurement of the radiation in various directions 
from the transmitter was carried out. Since in this case the radiation was obtained 
entirely from the transmitting loop, this loop was turned for each measurement so 
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Fig. 5. Polar curves of portable transmitter at N.P.L., Teddington. Measurements of field 
intensity in different directions at constant distance of 30 metres (wave-lengths 5:5, 7°5 
and 9*5 metres). 


that its plane was in the direction of the receiver. The results of measurements. 
made in this way at a constant radius of 30 metres from the transmitter, and on 
the three wave-lengths of 5-5, 7:5 and 9°5 metres are shown by the graphs plotted 
in figure 5. Similar results were obtained at a radius of 50 metres in a check experi- 
ment made on a wave-length of 7-5 metres. From these graphs it is seen that within 
extreme limits of about -+ ro per cent. the radiation from the transmitter in the 
plane of the loop is uniform in all directions on each of the three wave-lengths 
employed. It was concluded, therefore, that the site in the neighbourhood of the 
transmitter was satisfactory, and that attenuation measurements might be made 
without risk of interference from the effects of external objects. 

The results of a series of measurements carried out during a period of four days 
in July, 1930, are shown by the graphs plotted in figure 6 for the three wave-lengths 
employed. Measurements made on consecutive days under the same conditions on 
the same wave-length showed good agreement to within the experimental accuracy 
for observations on such short wave-lengths. ‘This, as was previously stated, is of the 
order of 10 per cent. Further measurements made during a two-day period in 
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August, 1930, on the same site are shown in figure 7. These measurements were 
made with the direction of transmission reversed from that of the July experiments, 
by placing the transmitter at the opposite end of the site. A direct comparison test 
was made for the two directions of transmission on 27-28 August, 1930, and the 
results are shown by the two graphs plotted for a wave-length of 7°5 metres in 
figure 7. Within the limits of experimental error the two curves are in good agree- 
ment. This implies that the observed attenuation is independent of the direction 
of transmission and the results are, therefore, likely to be free from external inter- 


ference conditions. is 
Viewing the curves in figures 6 and 7 as a whole, it is seen that there is no sign 
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Fig. 6. Field-intensity measurements at 
distances up to 120 metres from a loop 
transmitter at the N.P.L., July 1930. Distance (metres) 


Fig. 7. Field-intensity measurements at dis- 
tances up to 100 metres from a loop trans- 
mitter at the N.P.L., August 1930. 


of the “‘negative-attenuation ” effect previously observed in figure 4 at a distance of 
30 to 40 metres from the transmitter, and it is likely that the peak in figure 4 is 
attributable to the interference of two sets of waves, one of which has reached the 
receiver after reflection from some object such as a building or a group of trees. In 
some of the measurements carried out under very dry conditions a slight rise in the’ 
curve was noticed at a distance of about 50 metres. On inspection of the site it was 
found that two strips of dried-up grass crossed the line of transmission at this point. 
These strips were subsequently found to mark out the directions of two disused 
tunnels at a depth of from 1 to 2 metres below the ground. As a result of the in- 
creased drainage conditions prevailing here, these strips of ground became very dry 
and produced a change in the ground conductivity, giving rise to interference effects 
which show up on the attenuation curves. After a period of wet weather both the 
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discoloration of the grass and the inflection of the curves disappeared. ‘This is a 
result to be expected, since under normal conditions the surface layer of about 
1 metre of soil is a sufficiently good conductor to screen the lower materials, unless 
these have a markedly superior conductivity. 

(c) Measurements from Slough at greater distances. Some further experiments 
were carried out in an endeavour to obtain quantitative attenuation curves covering 
distances greater than the 120 metres to which the measurements given above were 
restricted. The site at Slough was chosen for this purpose since, as already stated, 
a clear path was available up to 600 or 700 metres in the most favourable direction. 
In these tests the transmitter was coupled to the vertical half-wave aerial, in which 
currents of from o-r to o-5 amp. were employed. In order to avoid interference due 
to radiation from the transmitter itself the whole of the inside of the transmitting 
hut was screened with iron wire netting of half-inch mesh. This was found to be 
effective in reducing the radiation from the transmitter to an amount too small to 
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Fig. 8. Field-strength measurements at distances of 100 to 600 metres from a half-wave 
transmitting aerial (wave-lengths 5°5, 7°5 and 9:5 metres). 


be measured except at very short distances from the hut. The receiver was used in 
the same manner as previously, measurements of the signal output being made at 
each position for two or three values of transmitting aerial current. 

The results of a series of measurements made at distances of from 100 to 
600 metres on the three wave-lengths of 5:5, 7°5 and 9°5 metres are shown in the 
graphs in figure 8. These measurements were taken for a direction of transmission 
7° from the arbitrary zero direction defined above. The graphs show that while at 
first the attenuation increases as the wave-length is reduced, there is a marked 
change in the effect produced on the wave-length of 7-5 metres as compared with 
the other two wave-lengths. The fact that the curve for a wave-length of 7:5 metres 
crosses that for A = 9°5 metres at a distance of 300 metres from the transmitter 
indicates that the receiver is still under the influence of irregular propagation due 
to interference and reflection effects. Although at these positions the receiver was 
several hundred metres from the trees surrounding the site, it is evident that the 
effects were such as to increase the field intensity on the 7-5-metre wave-length as 
compared with that on 9°5 metres. Further tests showed that the field-intensity 
was not only dependent upon the wave-length, but also, to a fairly critical extent, 
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upon the direction of transmission. For example, the results of two tests made 
upon the same wave-length of 7-9 metres for two directions 5° apart are shown in 
figure g. All the measurements recorded in these graphs were taken with the 
receiver placed at a satisfactory distance from trees, huts, etc., and it is noteworthy 
that on the whole, the measured values for each set of conditions lie on a smooth 
curve. 

Other measurements were made to ascertain the effect of an individual tree upon 
the field-intensity in its neighbourhood. As an example of the results obtained, it 
may be stated that at a distance of nearly 200 metres from the transmitter a move- 
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Fig..9. Field-strength measurements at distances of 100 to 700 metres from a half-wave 
transmitting aerial (wave-length 7-9 metres). 
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Fig. 10. Vertical section through path from R.R.S. Slough to Banstead, 


ment of the receiver to 5 or 10 metres either side of the tree produced changes in 
field-strength of + 50 per cent., so that in one position the field had three times the 
intensity obtaining in another position only ro or 1 5 metres away. 

F or distances in excess of 700 metres it has been possible so far to make only 
qualitative experiments, the results of which are, however, very useful. At distances 
up to about 1 mile from the transmitter the received signal-intensity was adequate 
for taking readings on a direction-finder, although the accuracy of the bearings 
Spe tie varied in an erratic manner. At greater distances of from 4 to 7 miles over 

at open country the signals were much weaker, but the d.f. bearings were more 
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consistent and were accurate to 2° or 3°. At 8 miles the signals were only just 
definitely audible, and although many tests were made at this distance in various 
directions over the flat country, no position was found at which satisfactory recep- 
tion was possible with the simple two-valve receiver employed. When, however, 
the receiver was taken to a point nearly 20 miles distant from the transmitter and 
at an elevation of over 500 ft., the signal-intensity was of the same order as that 
obtained at only 4 miles from the transmitter. This point is marked as A in the 
sectional contour of the path of transmission shown in figure 10, from which it can 
be seen that there is a clear optical path from A to the transmitter. As the receiver 
was brought towards the transmitter the signals became inaudible at the point B 
17 miles distant, and at point C 14 miles from the transmitter the signals were 
audible but much weaker than at the more distant point A. 

It is thus evident from such tests that even at distances of several miles the field 
intensity at a receiving point is to a great extent dependent upon the topography of 
the ground along the line of transmission. 


§5. DISCUSSION OF RESULTS 


The first deduction to be drawn from the experience gained in this investigation 
is that in order to make reliable measurements of the attenuation of ultra-short 
waves at short and medium distances it is necessary to have available a large expanse 
of flat open ground clear of all obstacles, both natural and artificial, particularly in 
the neighbourhood of the transmitter and receiver. It is not easy to obtain such 
a site more than a few hundred metres in extent. Although in the experiments 
described above the quantitative measurements have been limited to ranges of 600 
or 700 metres, it is to be noted that this distance is of the order of 100 times the 
wave-length employed. The most satisfactory measurements were those made at 
Teddington and illustrated by the graphs in figures 6 and 7, and it was thought 
that these were sufficiently reliable to be compared with the theory of attenuation 
of electromagnetic waves transmitted along the ground. 

In the second place figures 6 and 7 show no sign of the negative attenuation 
effect which is deducible from the theoretical work of B. Rolf, and which appears 
to have been confirmed by the experimental work of Ratcliffe», already re- 
ferred to. 

The results of the present experiments would indicate, however, that it is 
possible that in Ratcliffe’s experiments the phenomena under investigation were 
subject to disturbance by some spurious effect which could produce a result of the 
type illustrated in figure 4. 

Next, any comparison of experiment with theory must be made on the basis of 
the substitution in the theoretical formula of various values of the conductivity and 
dielectric constant of the earth, in order to ascertain the theoretical conditions which 
best fit the practical results. A simple theory of the attenuation of electromagnetic 
waves has been worked out by J. 5. McPetrie and will be described in detail in a 
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later paper. From this theory it is shown that the reflection-coefficient at the earth 
is complex and is equal to 
(k2 + 402/f2) cos? 6 — (c? + d?) — 2j cos 6 (2ca/f + kd) 
(2 + 40°/f?) cos? 6 + (c? + d?) + 2 cos 6 (ke — 2do/f)’ 
where @ is the angle of incidence on the earth, & and o are respectively the dielectric 


constant and conductivity of the ground, f is the frequency of the incident wave, 
and ¢ and d are determined by the relations 


R= sin? 6 = c= 7 


and o/f = — ed. 


Product, field-strength x distance 
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Fig. 11. Theoretical and experimental results obtained at N.P.L. (wave-length 5-5 metres). 


If the reflection-coefficient be expressed in the convenient form K — jK’, the 
product of the field-intensity and distance from a simple vertical Hertzian dipole 
for the case in which both transmitter and receiver are near the earth’s surface is 
proportional to 


V/(1 + K®?+ K+ 2K cos A— 2K’ sin A), 


in which A represents the optical path difference between the ray direct from trans- 
mitter to receiver and that reflected by the earth’s surface, and K and K” are the 
components of the complex reflection-coefficient for the angle of incidence which 
this indirect ray makes with the earth’s surface. 

In figure rr a comparison is made between the experimental results for a wave- 
length of 5-5 metres, as given in figures 6 and 7, and theoretical curves calculated 
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from this formula for the following values in electrostatic units: o/f = 10 and 40 
K = 10. Similar graphs are given in figures 12 and 13 for the results obtained ia 
wave-lengths of 7-5 and 9:5 metres. From these it will be seen that by a suitable 
choice of values of o and K, satisfactory agreement can be obtained between theory 
and experiment. The nature of the variation of the theoretical curves for different 
values of o/f is particularly shown in figure 13. Similar calculations have been 
made for different values of K between 5 and 80, but it was found that between 
these limits the value of K made little difference to the position of the theoretical 


Product, field-strength x distance. 
Product, field-strength x distance 
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+ July 1930, Fig. 6. ° July 1930, Fig. 6. 
< August 1930, Fig. 7. x August 1930, Fig. 7. 


Fig. 12. Theoretical curves and experimental Fig. 13. Theoretical and experimental results 
results at N.P.L. (wave-length 7°5 metres). obtained at N.P.L. (wave-length 9°5 metres). 


curves. This result is partly to be expected from the fact that over the range required 
K is still smaller in value than the quantity 20/f, with which it is associated in the 
theoretical formulae. In addition, if K is increased much beyond its assumed value 
of 10 the theoretical curve becomes too convex to the axes to fit the experimental 
results. 

A graphical comparison between theory and experiment carried out in this 
manner to values of o and K for the observations made at the National Physical 
Laboratory in July and August, 193° (figures 6 and 7). The results obtained from 
figures 11-13 are given in the following table. 
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Table showing the values of the conductivity (a) of the earth as deduced from the 
experimental measurements of attenuation made at the N.P.L., Teddington, 


during July and August, 1930 (see figures 6 and 7). 


The dielectric constant K = 10 throughout. 


i For A t 
Wave-length Seer! Graphs in | For July / or Augus 
(metres) Seas figure | o/f | o (e.s.u.)* olf o (e.s.u.)* 
| 
| x 108 | xX 16° 
; 55 EF Io / 5°55 40 22 
a 40 12 80 | 32 80 | 32 | 
9°5 BZ ine 80 24 60 19 ) 


* A conductivity value of 10° e.s.u. is equal to 11 x to~'* e.m.u. and corresponds to a 
resistivity of g000 ohm/cm.°. 


It will be seen from this table that the values of o vary between limits of 5-5 x 108 
and 32 x 10% e.s.u. for the three wave-lengths of 5-5, 7-5 and 9-5 metres (frequencies 
of 55, 40 and 32 megacycles/sec.). It is not considered that the variation with wave- 
length is significant in view of the experimental difficulties involved in measure- 
ments at such high frequencies; also there is no consistent difference in the results 
obtained in the two months of July and August. The above values of conductivity 
may be compared with those obtained on longer wave-lengths by previous workers. 
For example, on wave-lengths between 350 and 750 metres (frequencies between 
860 and 400 kc./sec.) Smith-Rose and Barfield, using a tilting aerial method, 
obtained values of conductivity lying between 0-14 x 108 and 4-2 x 108 for the soil 
in different parts of the south of England; while in later investigations on attenua- 
tion Barfield“ obtained values of from 0:2 x 108 to 1-0 108, the lower values of 
conductivity in this case being ascribable to the effects of trees. In their experiments 
on attenuation Ratcliffe and his co-workers“ 5 have obtained values for o of 
o°5 x r0® for a wave-length of 1600 metres (frequency 190 ke./sec.); of 1-5 x 108 
for a wave-length of 360 metres (830 ke./sec.); and o-r8 x 108 for a wave-length 
of 30 metres (10,000 kc./sec.). Thus the results of these investigators indicate that 
on wave-lengths between 30 and 1600 metres (frequencies from 10,000 to 190 
kc./sec.) the conductivity of the earth lies between values of o-14 and 4:2 x 108, 
It is difficult to assess the relative accuracy of the various methods of measurement 
employed, and it is therefore uncertain whether the variation in the values obtained 
is outside the overall limits of accuracy of the various experiments. 

More recently M. J. O. Strutt has experimented on the very short wave- 
length of 1-42 metres (210 megacycles /sec.) and has obtained a value of conductivity 
in excess of 10 x 10% e.s.u. for soil which at lower frequencies possessed a normal 
value of about 1 x 108. This result, taken in conjunction with those reported in this 
paper, appears to indicate that there is a definite tendency for the apparent con- 
ductivity of the earth to rise appreciably at radio-frequencies in excess of 30 mega- 
cycles/sec. 


It is hoped that with the aid of a more sensitive receiver the present experiments 
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may be extended so that further quantitative data will be obtained for greater dis- 
tances. Tests of various receivers suitable for use on ultra-short wave-lengths have 
been carried out recently, and the results suggest that the supersonic heterodyne 
type will be the most suitable for this purpose. 

Also in order to deduce values of K for the earth with more accuracy, it will be 
necessary to extend the experimental measurements to still shorter wave-lengths. 
| In this case it will probably be desirable to employ different methods of attacking 
|. the problem, for example, by raising the transmitter by a few wave-lengths above 
the ground and carrying out observations at short distances. 

For the experimental results at longer distances already obtained, as illustrated 
in figures 8 and 9, it can be shown that the field-strength tends to decrease inversely 
as the square of the distance for distances in excess of 200 or 300 metres. ‘This is a 
result which follows from the theory for transmission over uniform ground at dis- 
tances of many wave-lengths from the transmitter, and it is suggested that this 
result is of direct importance in the application of very short waves to signalling 
purposes. When, however, either the transmitter or the receiver is elevated so that 
there is a direct optical-ray path between the two, and the propagation is independent 
of the effect of the earth, then the field-strength will decrease inversely as the dis- 
tance. It is this law which would undoubtedly apply to the qualitative observations 
reported on page 602 (figure 10), in which the field-strength at 14 to 20 miles by 
the direct optical path was comparable with that at 4 miles, when the transmission 
was along the ground and the inverse-square law would apply. 
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APPENDIX: AN EXPERIMENTAL DIRECTION-FINDER FOR USE ON ULTRA-SHORT WAVES 


Mention has been made in the paper of the fact that observations were made 
with a direction-finder to ascertain approximately the nature of the field at both 
short and long distances from the transmitter. It is thought that a brief description 
of this instrument would be useful as an appendix to the paper. 

(i) Arrangement of d.f. set. In the field strength measurements recorded above a 
simple type of closed loop receiver was employed, the circuit of which was shown in 
figure 2. This whole receiver is placed on a turntable mounted on a tripod and a 
means is thus provided for the taking of bearings on the transmitter. Since the 
whole of the receiver, other than the loop, is contained in a screened box, the set is 
free from the direct pick-up of signals on the valve circuits. Further, it will be seen 
from figure 2 that the receiving loop is tuned by two condensers in series, the lead 
between them being connected to the valve filaments and the screening box; also it 
was found that the capacities between the ends of the loop and the box were of the 
same order. It might, therefore, be expected that the loop is approximately 
electrically symmetrical about its midpoint, and would give a satisfactory figure- 
of-eight cosine diagram for direction-finding purposes. Simple aural tests, however, 
showed that this was not the case, and that the quality of the signal minima given 
by the set was much improved by the addition of an electric screen around the loop, 
in the manner commonly adopted in direction-finders on longer wave-lengths. 
Accordingly some measurements of the reception characteristics of the set were 
carried out when the loop was oriented in different directions relative to that of the 
transmitter. 

(11) Experiments with screens round loop. The measurements were made in the 
manner adopted above. The d_f. set was installed at a distance of 50 metres from the 
transmitter on the site which had proved most satisfactory for the attenuation mea- 
surements described in § 4 (b) of the paper. Readings of the audio-frequency out- 
put were made for a series of orientations of the set while conditions at the trans- 
mitter remained constant on a wave-length of 8 metres. Care was taken that the 
observer should remain in a fixed position below the set, and a repetition of the 
measurements over a portion of the 360° showed that the measurements could be 
made to a reasonable accuracy. A polar reception diagram obtained in this manner 
for the loop receiver with no screen around the loop is shown in figure 14 (A). The 
two lobes of this diagram are dissimilar and the positions of signal minima are not 
well defined. When a rectangular framework 1 5 X 41n., comprising 50 wires 14 in. 
long, was placed around the coil, the wires being bonded together but insulated 
from the metal box, the diagram shown in figure 14 (B) was obtained. It is seen that 
the minima have become a little sharper but the two lobes are still asymmetrical, 
the strength of signal received on one side of the coil being about 30 per cent. less 
than on the other side. When the screen was connected to the metal screening box 
containing the receiver the signal minima became practically zero, as shown in 
figure 14 (C), although the polar diagram was still asymmetrical. By trial of various 
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arrangements of spacing and bonding of the screen wires, it was found that this 
asymmetry could be compensated for by earthing to the box the wires on one side 
of the loop while the remainder were left insulated. The polar diagram of the 
receiver with this arrangement is shown in figure 14 (D) from which it will be seen 
that the two signal zeros are sharp and well defined at positions 180° apart, and that 
the diagram is approximately symmetrical about the line through the minima. 
These experiments indicate that the fault with the unscreened loop is that the two 
sides are slightly out of balance in respect of their capacities to the box, to which the 
midpoint of the loop is virtually connected, and that this lack of symmetry can be 
compensated for by a suitable arrangement of the screen wires. It is possible that 
if the effect of the screen were applied in the reverse sense the asymmetry of the 
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Loop surrounded with symmetrical screen, insulated. 

Loop surrounded with symmetrical screen connected to box. 
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Fig. 14. Polar reception diagrams of ultra-short wave d.f. set on 
wave-length of 8 metres. 


polar diagram of A or B could be accentuated to produce a unidirectional short- 
wave receiver, but the experiments have not been continued in this direction. 

(iti) Performance of d.f. set. The diagram given in figure 14 (D) above shows that 
when both transmitter and receiver were erected on a satisfactory site the df. 
bearing is very accurate for the distance of 50 metres employed. ‘This was the con- 
dition in which the measurements of attenuation illustrated in figures 6 and 7 were 
measured. When the experiments were repeated on a less satisfactory site it was 
found that the observed bearings were subjected to erratic variations of the order of 
+1 5°, which were attributable to the effect of reflected waves from objects local 
to the transmitter, 

The effect of extraneous conditions in the neighbourhood of the transmitter 
was also demonstrated in some experiments made with the direction-finder when 
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bearings were taken upon the main transmitter at Slough, a half-wave aerial with 
currents of from o-r to o-5 amp. at the centre being used. The results of these 
measurements are given in table 2. 

As the distance from the transmitter was increased the signal-intensity became 
rapidly less and at 8 miles the signals were just strong enough for bearings to be 
taken. At distances of more than 8 miles the signals were inaudible until the re- 
ceiver was taken to the top of a hill, 500 feet higher than the transmitter, when, as 
already recorded in § 4 (c) of the paper, the signal-intensity at a range of 20 miles 
was comparable with that at 4 miles along the flat ground, and accurate d.f. bearings 
were again possible. While some of the errors recorded in the above table were 
probably due to conditions local to the direction-finder (e.g. at Poyle where the 
receiver was near telegraph wires) it is evident that there is a tendency for the errors 
in bearing to be less at a distance of a few miles than close to the transmitter. It was 
also observed that the signal minima were more clearly defined at a distance, de- 
spite the reduction in signal strength which necessarily accompanied the obser- 
vation. These facts are consistent with the idea that at the transmitter the trees and 
other objects surrounding it are acting as efficient reflectors, and thus provide an 
effective source of radiation which is distributed over an appreciable area around 
the transmitting antenna itself. 


Table 2. Summary of results obtained with df. set at various distances 
from transmitter operating on a wave-length of 7-9 metres. 


From transmitter Error in observed 
Position of d.f. set Distances: | Bhoetieucing ap nae 
(miles) (degrees) er 

R.R.S. (A) O12 | ° —17 
(B) orr2 20 — I 
(©) o'1l2 300 +15 
Datchet 06 75 — 6 
Sunnymeads I‘o 16 — 4 
Wraysbury 2°0 / 342 — 5 
Poyle 2°5 307 — 9 
Stanwell 4°0 207 a a 
Ashford (A) 70 299 ° 
(B) 70 303 / — 2 
Feltham 8-0 293 ) ras. 


These simple experiments serve to illustrate both the application and limitations 
of short-wave transmission and direction-finding. Unless the site around the trans- 
mitter is clear over a considerable area, reliably accurate bearing observations will 
not be possible except at distances for which the angle subtended at the receiver 
by the obstacles surrounding the transmitter is very small. Apart from this, direc- 
tion-finding on ultra-short wave-lengths would appear to offer possibilities under 
receiving conditions which have been found to give good results on longer wave- 
lengths, so long as there is a direct-ray path from transmitter to receiver, 
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_Pror. L. S. Patmer. I am, personally, needing to know the nature of the 
elliptical polarization of the electric vector of the wave near the surface of the 
earth which is consequent upon the earth’s conductivity. A rough calculation from 
the authors’ data, if c= 10° e.s.u. and f = 4:10” for a 7°5-metre wave, leads to an 
approximate value of 12:5 per cent. for the ratio of the horizontal component of the 
electric vector to the vertical component. From some measurements at this fre- 
quency which I have made recently with a frame aerial I deduce this ratio to be 
about 14 per cent. over the low wet soil immediately north of Hull. As this figure 
serves to check other results, I should be very grateful to know if the value of 12:5 
per cent. calculated from the authors’ data has been directly measured by them. 
I recollect that Dr Smith-Rose, with Mr Barfield, has done measurements of this 
kind with a tilting aerial but on longer wave-lengths. Secondly, I would be interested 
to know if the authors, in designing their radiating frame, gave any special con- 
sideration to its dimensions. I think it is quite possible that the strong signals 
received at Banstead may have been the result of a concentration of the radiation in 
that direction due to the particular frame-dimensions, which can very appreciably 
alter the angle at which the radiation leaves the aerial. I think this question would 
have to be considered as well as the reflected radiation from local trees which the 
authors suggest. As regards a third and minor point of interest in the question of 
the transmitter design, I should like to ask whether the screening box referred to in 
the appendix was of copper. If so, did the authors not have great difficulty in 
maintaining the oscillations when so much energy was being absorbed in the copper 
screen? I feel that the authors have obtained data, the real practical value of which 
will be fully appreciated only when the commercial applications of these short 
waves are matters of everyday life, and that time may not be very far off. 


Mr L. L. K. Honevsa.t. I should like to ask the authors whether, in the design 
of their transmitting and receiving aerials for these ultra-short waves, they have 
explored the possibilities of making aerials of large surface area per unit length of 
conductor. I notice in the photographs shown that the aerials are of very small 
dimensions. My own experience in the design of gear for these wave-lengths 
suggests that there is an all-round gain to be obtained from the use of conductors of 
this large surface-area in the radiating portion of the oscillatory circuit. Apart from 
the increase in mechanical rigidity (necessitating the employment of less dielectric 
material to support the structure) and the obvious decrease in resistance, it is 
possible by this means to obtain actually a smaller value of inductance with a larger 
aerial. It seems to me that in the quest for frequencies as high as 5.10% or 10° ~ it is 
preferable to concentrate on reducing as far as possible the inductance rather than 
the capacity of the circuit, as any reduction in capacity limits the power and renders 
the oscillation less stable. Apart from any question as to the optimum dimensions 
of the aerial in relation to the wave-length, it is clearly better to reduce the inductance 
by increasing the area of the radiating surface rather than by a general all-round 
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reduction in the size of the aerial. I think it is of importance too that the aerial 
should be, if possible, of larger dimensions than the rest of the apparatus associated 
with it, even if the latter is screened or the former is fed by a high-frequency line. 


AuTHors’ reply. In reply to the first of Professor Palmer’s questions : no measure- 
ments have yet been made by us of the relative values of the vertical and horizontal 
components of the electric vector near the surface of the earth on the short wave- 
lengths in question. While the tilting-aerial method as employed on longer wave- 
lengths might be used for such measurements, it is doubtful if the method would 
be accurate enough to distinguish between the values of 12-5 per cent. and 14 per 
cent. mentioned by Prof. Palmer. It must be remembered that for a complete 
specification of the electric field at the earth’s surface the value of the dielectric 
constant is required in addition to that of the conductivity. Our own experiments are 
being continued on these and higher frequencies with a view to evaluating these 
constants with greater accuracy. 

Although we are aware of and appreciate very much the work carried out by 
Prof. Palmer and Mr Honeyball on the use of low-inductance loops for short-wave 
transmitters, we have not yet had an opportunity of applying them to our own in- 
vestigations. In the case of the reception of signals at Banstead, mentioned in the 
paper, the transmitting antenna was a half-wave vertical dipole fed by a transmission 
line from a loop inside a screened hut. The question of the non-uniformity of 
radiation around a loop did not, therefore, arise, and the angle of elevation of the 
radiation above the ground was less than one degree. For the short-distance 
measurements we particularly desired a radiating loop of small area so as to simulate 
a point source. The use of specially designed loops of large surface area and low 
inductance, mentioned by Mr Honeyball, is worthy of consideration, and it is 
probable that such loops may have important applications to directional receivers 
as well as to transmitters. 

We have usually employed tinned iron sheet for our screening boxes and have 
not experienced any great difficulty, due to absorption of energy in the screens, in 
maintaining oscillations. A more serious difficulty is that of keeping the dimensions 
of the screens and boxes small compared with the wave-lengths in use. 
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PRESENTATION OF THE DUDDELL MEDAL 
to Sir JOHN AMBROSE FLEMING, M.A., D.Sc., eo 


College of Science, South Kensington, on Friday, March 20, the Presi- 
. dent of the Society, SIR ARTHUR EDDINGTON, F.R.S., presented the 
Duddell Medal of the Society to SiR JOHN AMBROSE FLEMING. 


A + the Annual General Meeting of the Physical Society, held at the Imperial 


Sir Arthur Eddington, in making the presentation, spoke as follows: A careful 
review of the contributions to science and technology which have led to this award 
has been drawn up by those best qualified to judge, and I shall base what I have to 
say on their memorandum. We cannot sum up in a sentence researches extending 
over an active career of 50 years, but in general we may say that the work of 
Sir Ambrose Fleming has lain in the applications of electrical science, and perhaps 
particularly in the invention of instruments for exact measurement. 

Educated at University College, London, the Royal College of Chemistry, and 
St John’s College, Cambridge, he held for some time a lectureship at Cambridge 
in applied mechanics. From 1877 to 1879 he was working in the Cavendish Labora- | 
tory on a comparison of the British Association resistance coils and the standard 
British Association units—a work undertaken at Clerk Maxwell’s suggestion. For 
this purpose he designed in 1879 a special form of resistance balance, which was in 
use there for many years for comparing standard coils. He also designed a special 
form of standard coil capable of taking up quickly the temperature of the water in 
which it was placed. 

In 1882, when practical incandescent electric lighting began, his attention was 
turned to the need for quick and accurate workshop methods of electrical measure- 
ment. He made in 1883 the first direct-reading potentiometer, set to read current 
and potential directly in amperes and volts. He described this method in a journal 
which is now defunct. The method was almost immediately copied in various forms 
by all electrical instrument makers. , 

In connexion with incandescent lamp manufacture by the Edison and Swan 
Electric Lighting Company, Sir Ambrose Fleming designed in 1895 a form of large 
bulb incandescent lamp as a standard of light more constant and easy to use than 
the flame. This has been much used since. When alternating-current working 
began in 1883, and the alternating-current transformer began to be used, the necessity 
arose for careful determination of efficiencies. He designed a form of wattmeter 
for this purpose, with which he made extensive researches on transformer- 
efficiencies; these were reported to the Institution of Electrical Engineers in 1892. 
In this paper he first suggested the use of the term ‘power factor’ which at once 
came into everyday use. 

When practical wireless telegraphy first began under Marconi in 1898 no 
appliances were obtainable for measuring wave-lengths and frequencies. In 1904 
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Sir Ambrose Fleming invented a simple instrument for this purpose, which was 
capable also of measuring small capacities and inductances. In conjunction with 
Prof. Clinton he also devised a rotating commutator for measuring the capacities 
used in wireless. In 1904 he invented his now famous 2-electrode thermionic valve, 
which provided at once a simple detector of wireless waves, far more easy to manage 
than the coherer then in use. It prepared the way for a subsequent improvement, 
the 3-electrode valve, which is now the most important weapon of the radio engineer, 
and without which wireless as we now have it would not exist. 

In 1905 he described to the Physical Society an instrument called the campograph, 
which enables curves such as the hysteresis curve of iron to be delineated optically 
without the tedious procedure involved in other methods. 

Between 1892 and 1895 he co-operated with Sir James Dewar in a remarkable 
series of researches on the electric and magnetic properties of matter at low tem- 
peratures, including the great increase of electric conductivity which accrues. He 
devised special forms of resistance-coil and instruments for the measurement of 
inductance, capacity and thermo-electromotive force. I may remind you of the 
immense advance in modern theoretical physics to which the study of low tempera- 
tures has led. 

He was Professor of Electrical Engineering at University College, London, for 
42 years, and he established there the first laboratory for high-frequency and radio 
measurements. Besides his papers in scientific journals, he has published many 
books and treatises on applied electricity. It requires no great imagination to 
appreciate the importance of the numerous instruments of measurement designed 
by Sir Ambrose Fleming for use in the electrical industry generally and for scientific 
research, but I think there is one invention which comes uppermost in all our minds. 
I understand that the psychologists or psycho-analysts for their mysterious purposes 
sometimes fire at their victim a word or name which he has to respond to instantly 
by naming the first associated idea which comes into his head. If in this way I pro- 
nounce the word “‘ Fleming,” the instantaneous response is “valve,” or we may vary 
the procedure and put it the other way round, and say when the word “‘valve”’ is 
mentioned, “‘Oh, Fleming, of course.” The discovery of the 2-electrode valve in 
1904 has paved the way for the great development of wireless to-day and so has led 
to one of the greatest influences of science on our civilization. This gift of science 
we can contemplate without those mixed feelings with which, for example, I should 
regard the telephone or the motor car, which sometimes occasion our gratitude and 
sometimes occasion our profanity. I do not suppose that Sir Ambrose foresaw all 
the strange results that would ultimately come from these experiments carried out 
in University College 2 5 years ago. As we sit here unheard voices are all around US ; 
from all parts of the earth they speak. As in the magic Isle of Caliban, 

.+. the isle is full of noises, 
Sounds and sweet airs that give delight and hurt not, 


Sometimes a thousand twangling instruments 
Will hum about mine ears: and sometimes VOICES 44... 


I think it might be safest to end the quotation there, because Shakespeare is 
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sometimes a little too apt. But if those in this audience who from time to time give 
talks before the microphone will shut their ears, I will complete the quotation: 

... that, if I then had waked after long sleep, 

Will make me sleep again. 

It is a proud distinction to have been one of those responsible for an essential 
part of this device, to have overcome one of the major obstacles to the fruition of 
those ideas which started with Maxwell and Hertz. There are names which we 
honour in connexion with the pure theory. We honour in a different way, though 
no less sincerely, those who by breadth of vision developed a scientific toy into 
something of world-wide service. Intermediately we honour those who by their 
skill in turning the results of scientific discovery into practical invention bridged 
the gulf, and among those the name of our medallist stands out conspicuously. 

Now I turn to a feature of the award to which I have up to now deliberately 
suppressed all reference. I have, so to speak, placed our medallist on the dissecting 
table, and tried to show you from his writings and inventions what manner of man 
he is. But Sir Ambrose Fleming is not altogether a stranger to the Physical Society. 
He is one of ourselves. In fact, if I may so put it, he is one of ourselves more than 
any of us. 

To go‘back to a period when the age of the present speaker belonged to the 
domain of negative numbers, Fleming was one of the original members of this 
society, and in March, 1874, he read the first paper at the first meeting of the society, 
his subject being, ‘‘ The new contact theory of the galvanic cell.”’ ‘That was a good 
start, and he kept it up. During the ensuing 40 years he contributed regularly to 
our Proceedings—35 papers in all, amounting, I suppose, to about one-third of the 
total of his published papers. Once a year the occasion of the award of the Duddell 
Medal gives the society the pleasure of recognizing and honouring distinguished 
merit. It is a double pleasure when the honour falls to one of our intimate colleagues 
in the society. It is a triple pleasure, a manifold pleasure, when it falls, as it does on 
this occasion, to a founder of the society, whose papers started our scientific 
proceedings, and who has been loyal to the society during the 57 years of its existence. 

Turning to Sir Ambrose Fleming, Sir Arthur Eddington said: Sir Ambrose, 
your life-work survives and bears fruit in the great electrical industries of the world. 
Your monument is in the circumambient ether. But you will not despise this mark 
of recognition and appreciation from the society of which you have so long been 
a member. In handing you the Duddell Medal I would express to you on behalf 
of the Physical Society its esteem for your achievements as a man of science, its 
regard and affection for you as a colleague, and its good wishes for your continued 
health and enjoyment. 


Sir Ambrose Fleming, after expressing his thanks, added: It has been my good 
fortune for now 50 or more years, since this society was founded, to have been 
closely connected with the introduction into Great Britain of four scientific in- 
ventions which have subsequently founded great industries: the telephone, the 
incandescent electric lamp, the alternating-current transformer for high-tension 
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working, and wireless telegraphy. When I went up to Cambridge in 1877, with the 
chief object of working under Maxwell in the then recently completed Cavendish 
Laboratory, the telephone had just been invented by Graham Bell, who, by the way, 
was not an American, but an Englishman, or rather a Scotsman, although naturalized 
in America. Edison had added to that invention by inventing the carbon button 
transmitter. The Bell telephone was a good receiver, but a poor transmitter ; Edison, 
therefore, availed himself of the discovery of the alteration of the resistance by 
means of a button of carbon made of lamp black, but he had no receiver, and had to 
invent a curious receiver, a chalk cylinder, moistened with various chemicals, which 
one had to keep on turning whilst one listened to it. 

In 1878 David Hughes invented the microphone, and described it in a paper to 
the Royal Society. He did not patent it but placed it at the disposal of the public 
generally, and so the Bell Company availed themselves of this. Edison considered 
that that was an infringement of his rights, so the way was prepared for a nice quarrel, 
and the question was whether the microphone acted on the principle of the Edison 
arrangement. As a matter of fact, what the microphone did was to make small jerks 
and vibrations audible through a Bell telephone. An experiment which was very 
popular at that time was to put a domestic fly into an empty matchbox and to put 
on the outside a microphone connected with a battery, when one was supposed to 
hear the fly marching about with a tramp like that of an elephant. As a matter of 
fact, it was sometimes found when the matchbox was opened that the fly had been 
dead for some time. The noises heard with the microphone were due to agitations 
of that instrument by little movements in the room and so on. Some people even 
wondered whether it might be used to detect an incipient earthquake. I was brought 
into the arguments as to whether the Edison button was different in its mode of 
action from the microphone. As I say, the stage was set for a great quarrel, but the 
two telephone companies had soon to turn their faces towards a common enemy, 
namely, the Post Office, which claimed that the instrument could not be used without 
the payment of royalties to itself. That necessitated a very important action, and 
nearly all the eminent people of that day were engaged as witnesses either for or 
against the Crown. It was a question of the interpretation of certain words in an 
Act of Parliament. 

At about that time Swan and Edison had patented the invention of the incan- 
descent lamp. Edison sent to England two of the earliest samples of the carbon 
filament lamp, and his agent instructed me to show the action of these lamps in the 
offices of the Edison Telephone Company. The only thing that is worth remembering 
in that connexion is to show how one’s memory sometimes fails one. Years after 
that, when we were engaged in fighting patent actions, it became necessary to know 
when the first lamps came over from Edison to London, and I was asked whether 
I knew anything about it. I had completely forgotten this early occurrence, and I 
said, “No.” Then the secretary of the company which brought forward the Edison 
lamps said in reply to a question that the only man who knew anything about this 
first introduction was Fleming, and with that it all came back to me in a flash that 
in 1879 these specimens of the earliest lamps had been sent over to me. 
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Electric lighting began on a small scale. The first station established by the 
Edison people was in the basement of a house at No. 57, Holborn Viaduct. In those 
days we thought it a great thing if a machine ran through the night without a break- 
down. The late Dr John Hopkinson, who was appointed scientific adviser with me, 
directed his attention to improving the design of the Edison dynamo. I devoted my 
attention to the lamp, and I will show you one slide which is interesting because it 
indicates the starting point for a number of other observations. My attention was 
directed to the fact that these lamps in some cases were blackened uniformly, while 
in other cases there was a curious white line which was in the plane of the filament, 
and when the filament came to be examined it was generally found to have been 
broken on the opposite side. In other words, there had been a projection of carbon 
in straight lines. In the majority of cases there was a volatilization of carbon from 
the filament generally. The next thing I found out was that on putting a metal plate 
into the bulb of a lamp and sealing it into the bulb, an expulsion of negative elec- 
tricity took place from the filament. In those days we knew nothing about the 
electron; it was 10 or 12 years before the experimental discovery of the electron by 
Sir J. J. Thomson. I was astonished to find what an enormous quantity of electricity 
came off the filament. If I connected up with wire to the positive terminal of a large 
condenser the charge disappeared. The question was, where did that electricity 
come from? The founder of this society made the discovery that an iron ball heated 
red hot would hold a charge of negative electricity, but not of positive. I thought 
the phenomenon might be connected with the carbon, that the carbon particles 
thrown off carried a negative charge. I found that the greater part of the negative 
charge came off from the negative end of the filament. Here I show you one lamp 
which was covered with a deposit. Edison fastened the carbon to the platinum 
wires, and you will see that in one piace there is a line in which there is no deposit, 
and that line is in the plane of the filament. 

The next experiment I made was to construct a lamp with two filaments in it, 
and I found out that if one of those filaments—the positive—was rendered in- 
candescent and not the other, then many thousands of volts were necessary to send 
the smallest current; but if the negative filament was rendered incandescent even one 
volt would send a current. It occurred to me that a bulb of this kind might act as 
a valve; if one of the carbon filaments was made incandescent, electricity could be 
sent in one direction and not the other. 

All these observations were made between 1895 and 1896, and in a long paper 
which I presented to this society in 1896 I described these experiments. I also gave 
a discourse on the subject at the Royal Institution. But there the matter ended until 
wireless telegraphy came into the field. In 1897 Marconi came over with a new plan 
for conducting wireless by means of Hertzian waves. He had put together a number 
of old elements, which he had improved, and out of them he had made a practical 
system of telegraphy. His first achievement was to get across the English Channel 
in 1899. He then covered the longer distance between the Isle of Wight and the 
Lizard. But he was anxious to conquer the Atlantic, and that, he knew, would 
require greater power. Therefore, as I had been connected with the old London 
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ae nebee rgo1, Marconi got his first signals across the Atlantic. Before 
that time we had often discussed whether it was possible to do that. We knew 
nothing in those days about the Heaviside layer, and my own view was that the 
chief objection would be the curvature of the earth. I repeatedly impressed on 
Marconi that he must lengthen the wave as much as possible. About that time 
I designed the cymometer by means of which we were able to measure the length 
of the waves actually used. ; 

The question of detectors next came up. The early work was done with the 
coherer and telephone, but the coherer was troublesome to use and was very easily 
upset by atmospherics and by oscillations near it. I wanted to get hold of a receiver 
of some kind which would not be affected by atmospheric conditions or by powerful 
discharges in its neighbourhood. It was obvious that one would have to rectify the 
high frequency oscillations, and after trying a great many experiments with chemical 
rectifiers which did not work, my own experiments with these lamps came back into 
my mind, and I constructed a lamp in which the filament was surrounded by a 
cylinder. The space between cylinder and filament was unilaterally conductive. 
Under the influence of a battery it became useful for rectifying oscillations. I show 
you one of the first of these which was made for the Marconi Company. My atten- 
tion was taken up at that time with other matters, and unfortunately I did not go on 
to put in the grid as I ought to have done. In America De Forest put in the first grid. 
Curiously enough, I had put a grid into a bulb, and you will see here a photograph 
of it, also a plate in another bulb, but what De Forest did was to put the two together 
into one bulb. Here is one of his receivers, and that at once made an amplifier. 
Soon after I constructed a 3-electrode valve with a spiral as the grid, which was the 
forerunner of the modern valves. It did not precede what De Forest did. That was 
the 3-electrode amplifying valve from which everything else has evolved. 

My chief point is that the whole of these practical discoveries tesulted from this 
single observation of the white line on the lamp which was otherwise covered with 
carbon. 

I apologize for keeping you so long with these memories of early work, and I beg 
you to accept once more my sincere thanks for the great distinction you have con- 
ferred upon me by the gift of this Duddell Medal. 


Prof. H. E. Armstrong, who was invited by the President to add a few words, 
said: I have known my friend Fleming since he was a student in this college with 
Guthrie. He set an example from the very beginning, and I think all of us who 
have known him have loved him sincerely. Among scientific men he has always 
ranked high on account of his extraordinary devotion to his work and his honesty 
in putting it forward. 

Sir Ambrose Fleming and I can overlook practically everything that has taken 
place in the development of electricity. As he has told you, the dynamo at the 
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beginning was a very miserable machine, until Hopkinson took it in hand, and it 
had not been turned round and made into the efficient motor machine that we 
know to-day. 

Not only have we witnessed in the period of which Sir Ambrose Fleming has 
been speaking the whole development of applied electricity, but we have seen 
scientific development in many other fields. For example, we have witnessed the 
age of the ironclad. The first ironclad, the Warrior, was built in 1860; I saw her in 
1865 at Gibraltar, alongside the Marlborough, which was the last of the wooden 
three-deckers. I saw the Great Eastern when she declined to be launched on the 
stocks at Greenwich, and, as you know, she laid the first efficient cable. Then there 
has been the development of the internal combustion engine. I have an acute 
recollection of our troubles at the City and Guilds of London Technical College 
at Finsbury in the early days; how, for example, the piston had a habit of falling 
down backwards. I recollect, too, a most terrible quarrel between Ayrton and some- 
one at Birmingham—Smith or Brown, | think, was the name—over this machine. 
It was a truly awful machine. 

One may say that one has seen a whole vast development of scientific knowledge 
and its application to machinery in general, all in the space of about 60 years, and 
I think that is a matter that we ought to reflect upon a little more than we do. We 
do not sufficiently realize the astounding rate at which man has gone forward since 
he has learned to use the experimental method—the method in which your medallist 
has shown himself to be such a master. The world is in no way alive to the fact that 
we have discovered a new method, because it is practised only by the few, and nearly 
all of them engineers. We have been so much concerned with improvements in 
machinery, that we have forgotten the most important machine of all, that is to say, 
ourselves. We have not touched the politician, we have not touched government 
in any shape or form. I should like to see carried out a suggestion which was made 
by a bishop a few years ago, and put these interfering scientific inventors to sleep 
for a time, while we have leisure to think of other things. It seems to me that unless 
we can do that we shall be overcome by our own creations. Although we have to 
congratulate ourselves on this astounding development of the experimental method 
as applied particularly in physics, we have to bear in mind that there is this very 
much more important work awaiting our direction. 
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of Magdalene College, Cambridge, was born at Hatherop, Gloucestershire, 
on April 18, 1863, and died at Ealing on January 21, 1930. He entered 
Trinity College, Cambridge, from Marlborough in 1882 and was placed in the 
First Class in the Classical Tripos, in 1884 and in the First Class in the Mathe- 
matical Tripos in 1885. He was appointed Professor of Physics at Montreal in 
1893, at University College, London, in 1898 and at the Imperial College of Science 
in 1902. 
Elected a Fellow of Trinity in 1886, he became a Fellow of the Royal Society in 
1894 and Rumford Medallist in 1906. He was Treasurer of the Physical Society 
from 1900 to 1909, President during the period rg1o-12 and first Duddell Medal- 


list in 1923. 


H= LONGBOURNE CALLENDAR, eldest son of the Rev. Hugh Callendar 


There is good reason to believe that Callendar regarded platinum thermometry 
and his investigation of the thermal properties of water and steam as his greatest 
achievements. It therefore seems appropriate that a brief tribute to his memory 
should confine itself to these aspects of his work. 

Callendar’s development of the platinum thermometer, which made it a 
standard instrument, is familiar to every physicist. Not the least of the virtues of 
such thermometers is the ease and certainty with which, by the use of two of them, 
the difference between one temperature and another can be determined from a 
single reading. 

Callendar quickly saw the advantages of continuous flow methods in calorimetry 
and developed these in practice with extraordinary skill and ingenuity. In such 
methods there are no discontinuities due to the stopping or starting of the flow. The 
water equivalent of the apparatus is not required. The heat-loss can be reduced to a 
minimum and its magnitude can usually be obtained, as accurately as desired, by 
varying the speed and other conditions of flow. The Joule-Thomson porous-plug 
or throttling experiment is an early example of a continuous flow device to which, 
incidentally, Callendar applied differential platinum thermometry with conspicuous 
success. 

Callendar applied a similar principle when he invented the continuous flow 
method of measuring the specific heat of water, used by Barnes and himself. At a 
later date, when the accuracy of the results obtained in these experiments was 
questioned, he showed his unfailing ingenuity by devising and using what was, in 
effect, an adaptation of continuous flow to the time-honoured “method of mixtapes ey 
familiar to every student of physics. 
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Another application of the same principle led to the determination of the 
specific heat of steam. This determination, in conjunction with that of the cooling 
effect in throttling experiments, enabled him to measure the variation with pressure 
of the total heat of steam. At a still later date he devised a general method of 
measuring the total heat at any pressure and temperature. Briefly, this method 
consisted in throttling to any desired pressure at constant total heat and then 
measuring, in a continuous flow calorimeter, the heat removed when the steam was 
reduced to water at measured temperature, of which the total heat was known. ‘The 
-same method was used to find the total heat of water, at any temperature and 
pressure, with reference to that at some temperature and pressure taken as standard. 
It was also applicable to wet steam. 

With high courage Callendar set himself the task of measuring total heats in this 
way up to and beyond the critical region. The results are of the greatest interest. 
Before this work was done it had been commonly supposed that, at the critical 
point, the differences between saturated steam and water disappear. The specific 
volumes, it was thought, were then identical and the latent heat of vaporization 
zero. As is well known, the simplest method of determining the critical tempera- 
ture of a liquid is to heat an appropriate amount of it in a sealed glass tube and to 
note the temperature at which the meniscus separating liquid from vapour dis- 
appears. This method presents no difficulties with substances like CO, and S5O,; 
but until fused-quartz tubes became available it was impracticable to apply it to 
water owing to the disintegrating effect of the latter upon ordinary glass. 

In agreement with other observers Callendar, using quartz-glass tubes, found 
the critical temperature of water to be 374° C. Using different quantities of water 
in separate tubes of similar volume, he also obtained values for the densities of the 
liquid and the saturated vapour at temperatures below the critical point by ob- 
serving the temperatures at which the tubes became filled with the liquid or the 
vapour as the case might be. In order to get consistent results in such experiments, 
it was necessary to use very pure water free from air. 

Similar experiments can be performed very easily with liquid SO, instead of 
water. In this case ordinary glass suffices and the critical temperature and pressure 
are so much lower than those of water that there is neither difficulty nor danger in 
observing what happens in a series of tubes like those used by Callendar. Indeed, 
some of my old students of thirty years ago will remember this as a laboratory 
exercise devised for their instruction. Anyone who has performed such experiments 
and compared the phenomena with those exhibited by liquids which do not mix at 
ordinary temperatures, but become miscible in all proportions at higher tempera- 
tures, will agree with the view that the temperature at which the meniscus vanishes, 
in the case of a single substance in the tube, is not necessarily that at which the 
liquid and vapour phases become identical. It required the determination and the 
experimental skill of Callendar, however, to produce quantitative evidence. He 
found, for example, that the latent heat of vaporization of water at the critical 
temperature is not zero but 72°4 cal./gm. Not until a temperature of 380°5° C. is 
reached does the latent heat vanish. In obtaining these results, based upon 
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measurements of total heat, special methods had to be devised in the case of water 
to avoid contamination by air, traces of which were enough to make accurate deter- 


minations impossible. 


Any attempt to indicate the character of Callendar’s work on steam must contain 
some reference to the analytical skill which he displayed on the theoretical side. 
Almost every equation he used to correlate his results had a reasonable, if not an 
entirely “‘rational,”’ basis. His equations, unlike those of his predecessors, were all 
consistent with the laws of thermodynamics. 

One of the earliest applications which he made of platinum thermometry was to 
the study, at Montreal in conjunction with Nicolson, of the law of pressure/tem- 
perature variation in the adiabatic expansion and contraction of dry steam. This led 
him to the formulation of his well-known characteristic equation for an imperfect 
gas, which, in its earliest form, 

v—b= RO/p — a/R, 
was a modification of the Rankine-Thomson equation. Following previous workers, 
he replaced v by (v — 6). The novelty lay in the substitution of 6” for 62 in the 
last term. 

Assuming, as the simplest hypothesis suggested by the kinetic theory, that the 
variable part of the internal energy u of a gas is proportional to p (v — b) and 
applying the second law of thermodynamics, Callendar deduced from this equation 
the expression 

u = np (v — b)+ const. 


and expressions for z in terms of definable quantities, of which the simplest are 
m= (Cy)o/R, and (n+ 1) = (c,)/R, 


(Cx)o and (c,)y being the values to which the specific heats at constant volume and 
constant pressure, respectively, approach when the pressure is reduced without 
limit. 

It also followed that the pressure/temperature variations for adiabatic changes 
should be given by the equation 


p/@"* = const. 


This was in accord with the experimental results for dry steam and the experi- 
mental value for n did not differ greatly from that calculable from the kinetic theory 
by a “‘reasonable” method. 


Correspondingly simple expressions for the total heat H and the entropy ¢ were: 
H=(n+1)p (o = 8)+-064 consti 9D eee (1), 
¢ = (n+ 1) Rlog @— Rlog p— ncp/@ +- const., 
in which c represents the value of a/R", 


It was characteristic of the man that he should try to find a simple physical 
interpretation of c, 
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Writing his equation in the form 
v—b= R6/p—c, 


he pointed out that R6/p represents the volume which the vapour would occupy if 
the effective volume were correctly represented by (v— b) and if the vapour 
behaved like an ideal gas, consisting of molecules of the simplest possible type, 
being the appropriate gas constant. The presence of the term c shows that the 
actual volume is less than the ideal volume. He suggested that the discrepancy is 
due to the fact that the vapour does not consist wholly of simple molecules but 
contains also a certain proportion of molecular aggregates. Increase in the number 
of such “‘molecules” of greater mass would cause RO/p to become increasingly 
greater than the ideal volume. In this interpretation, inter-molecular forces do not 
appear explicitly. They are replaced by molecular complexes of which, however, 
they may be the cause. 

Another striking example of Callendar’s ingenuity is his equation for the total 
heat of water, which he used with great success in his correlation of the facts. To 
obtain it he developed a particular form of an argument previously used by Poynting, 
and assumed that water in equilibrium with its saturated vapour contains the same 
number of vapour molecules per unit volume as the vapour itself. He then supposed 
that the formation of such vapour molecules, within the liquid, consumed the same 
amount of heat as would be required to produce the corresponding volume of 
steam. Hence his equation 


h=sttuL[v—w) enn (2), 


expressing the value of the total heat of water at t° C. reckoned from that at the 
freezing point as zero. In this, w and v are the specific volumes of the water and the 
saturated vapour respectively, and L is the latent heat of vaporization, at the 
temperature t. The constant s was fixed by taking / to be 100 calories at 100° €: 

The equation leads to an expression for the entropy of saturated steam which, 
with the expressions for H and ¢ already mentioned, gives an equation connecting 
the saturation pressure of steam with the temperature. This well-known equation 
contains nothing, in addition to b and c, that is not directly measurable, and is in 
close accord with experiment up to 200° C. Beyond this, the experimental results 
began to deviate appreciably from those calculated and it became necessary to 
regard c as a function involving the pressure as well as the temperature. 

In order to maintain thermodynamic consistency between the equation of state 
and the expression for the internal energy, it is necessary that the relation between 
cand p should satisfy certain conditions. From the many possible forms which the 
relation might take, Callendar selected the simplest for his purpose. It is contained 


in the equation 


(v — b) = RO/p — ef(1 Zp a (3), 


in which c = a/R6” as before and Z = kcp/0, where k is an additional constant. 
He found that the experimental curve for the density of the saturated vapour 


could be represented by this equation right up to the critical temperature without 
41-2 


624 | Obituary Notices 


alteration of the value of c, provided that the value of the constant k were chosen to 
fit the density at that temperature. Further, the temperature/pressure curve for 
saturated vapour, the easiest of all the curves to determine experimentally, gave 
values which were in close agreement not only with those which could be deduced 
from his theoretical equation, but also with those obtained by other observers, by 
other methods, up to 374° C. The theoretical equation continued to give values of 
p agreeing with those observed by himself, until the temperature at which saturated 
steam and water become indistinguishable was attained. 
Finally, the equation 
(H — st)/(h — st) = v/a, 


in which H = h+ L, following at once from equation (2), gave a relation connecting 
total heats and specific volumes, which was used with success to test the accuracy of 
the measurements made in the critical region. 

Callendar’s last words on the practical aspects of this great work, which he pur- 
sued untiringly, will be found in his Hawksley Lecture delivered to the Institution 
of Mechanical Engineers shortly before his death. Referring to his three funda- 
mental equations—(1), (2) and (3) above—he said: “‘They constitute the only 
rational and consistent standard which has yet been proposed for steam, and would 
suffice for all practical requirements if they were generally adopted.” 

Beyond doubt it was conviction and not dogmatism which impelled him to use 
these words, just as it was resignation and not impatience which led him to add: 
‘But it has taken thirty years to reach international agreement with regard to the 
temperature scale, which is a much less exacting problem, and we may have to wait 
a long time before other nations are prepared to accept such a simple and un- 
pretentious scheme.” 

Great designs require great consideration. 


S.W.J.S. 
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PROBESSORSAY A. MICHELSON, Sc.D.,. LL.D., Pu.D. 


When Michelson delivered the sixth Guthrie Lecture before the Physical Society 
in March 1921, more than one man of middle age who heard him felt it strange to 
see a man apparently no older than themselves who yet had seemed almost an 
historical personage in their own college days. It was indeed difficult to believe that 


this alert, vigorous, black-haired man had with Edward W. Morley published the 


famous paper “‘ On the Relative Motion of the Earth and the Luminiferous /Ether ee 
in the year of Queen Victoria’s Jubilee, 1887. Yet he had been working at his first 
attempt as early as 1881". 

Of the milestones in Michelson’s life journey Sir Oliver Lodge™ has left little 
to be said. I repeat the passage here, with some omissions and a few additions from 
various sources“. 

Albert Abraham Michelson was born in Strelno, Poland, on December roth, 
1852. In 1854 his parents brought him with them when they migrated to the 
United States, making the long journey across the western prairies to Virginia City, 
Nevada, in the days before the railroads. By the time that he was ready for high 
school his parents had moved to San Francisco, and on leaving high school in that 
city, at the age of seventeen, he went alone to Washington and persuaded President 
Grant to give him a presidential appointment to the Naval Academy at Annapolis, 
from which he graduated in 1873. After his graduation he served two years as 
a midshipman and then became instructor in physics and chemistry at Annapolis 
under Admiral Sampson, continuing this work until 1879. At that time he was not 
particularly interested in science but, determined to do a good job, he soon began 
experimenting and devising his own apparatus. Because there was no appropria- 
tion for material, Ensign Michelson spent ten dollars of his own money to construct 
an apparatus to measure the speed of light in a class-room demonstration. To his 
great surprise, he was able tomake the measurement with greater accuracy than had 
ever before been achieved. 

With his interest in science thus aroused, after a year in the Nautical Almanac 
Office at Washington Michelson went abroad for further study at the universities 
of Berlin and Heidelberg, and at the College de France and the Ecole Polytech- 
nique in Paris. Upon his return to the United States in 1883 he became professor 
of physics in the Case School of Applied Science, Cleveland, Ohio. 

It was while he was at Cleveland that Professor Michelson collaborated with 
Professor Morley in their joint experiment, which was first carried out in 1883, and 
it was for the purpose of that experiment that Michelson invented his particular 
form of interferometer, with the to-and-fro beams at right angles. Later, he applied 
st in Paris to the determination of the metre in wave-lengths of light. The way this 
should be done had been first described in a paper by Morley and himself in 1887", 
though an actual attempt to make the wave-length of sodium light a standard of 
length was made by Peirce in 1879". 
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After six years at Cleveland, he was called in 1889 to Clark University, where he 
remained as professor until 1892. Then President Rainey Harper, on the look-out 
for promising men, brought him to the newly founded University of Chicago as 
Professor of Physics and Head of the Department. In June 1925 he was appointed 
to the first of the Distinguished Service Professorships made possible by the new 
development programme of the university. 

During the world war Professor Michelson re-entered the naval service with the 
rank of lieutenant-commander, giving his whole time to seeking new devices for 
naval use, especially a range-finder which became part of the U.S. Navy equipment. 

In 1924 he undertook a very accurate determination of the velocity of light, 
using Mount Wilson and San Antonio, 22 miles apart, as the stations. He remained 
in active work at the University of Chicago, engaging in both research and teaching, 
until he became seriously ill in the autumn of 1929, and underwent two operations. 
Upon his recovery, he asked to be relieved of active duties and took the status of 
Professor-emeritus on July 1, 1930. That summer he went to Pasadena, California, 
to repeat for the last time his famous experiment on the velocity of light. Finding 
the climate agreeable, he decided to establish a permanent residence in California. 
The university, however, continued to support his researches, and provided him 
with a technical assistant who built and installed equipment for the experiment. 

Sir Oliver Lodge’s article gives a lucid account of Michelson’s achievements, 
but for members of the Physical Society a short reminder of the most important of 
them will suffice. In presenting the Duddell Medal for 1929 to Michelson, the 
President said: 

“The interferometers invented by Professor Michelson, of which the first was 
used for carrying out in 1887 the famous Michelson and Morley experiment, have 
been applied by him, always with complete adequacy of design, to other important 
and difficult problems, most of them of audacious novelty. These problems in- 
cluded the measurement in 1892 and 1893 of the metre in wave-lengths of light: 
the measurement of the diameters of stars: the re-measurement of the earth tides: 
and the testing of the effect of the earth’s rotation on the velocity of light‘. These 
measurements have had great consequences, of which the following examples may 
be mentioned : 

“The difficulties of reconciling the result of the Michelson-Morley experiment 
with the then prevailing physical conception of the nature of the universe were the 
direct cause of the enquiry of Albert Einstein®, which resulted in the theory of 
relativity. The measurement of the metre in wave-lengths of light® resulted in 
establishing a standard of length free from the uncertainty concerning possible 
variation which attaches to all material standards. The interferometer for the 
measurement of the diameter of stars, suggested by Michelson in 1890 “°) and first 
applied by him to Betelgeuse‘"?, has not only confirmed the correctness of the 
previously almost incredible dimensions yielded by indirect means of calculation, 
but has detected fresh stellar phenomena in the variable diameter of Mira Ceti, and 
ercare the separation of double stars too close for resolution by the telescope. 

The invention by Professor Michelson of the échelon diffraction grating“ 
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provided physicists with a potent tool for the investigation of the fine structure of 
spectral lines, knowledge concerning which has become of such great importance in 
modern physics. Professor Michelson has also designed a ruling-engine with which 
very large gratings have been ruled. 

“As a final example of Professor Michelson’s work on scientific instruments for 
the advancement of knowledge, mention may be made of the completion by him in 
1926, with apparatus designed by himself, of a re-determination of the velocity of 
light». The elaborate precautions taken to secure freedom from error included 
-means whereby the distance of 82 miles* traversed by the light was measured to 
a higher degree of accuracy than had ever been reached in triangulation.”’ 

An account by Michelson himself of his work in the years immediately pre- 
ceding 1921 will be found in the sixth Guthrie Lecture“. 

In 1921, at the suggestion of Dr L. Silberstein, Michelson arranged an “‘ether- 
drift” experiment, in which the effect looked for was that which would be due to the 
rotation of the earth. The result, published in 1925, was in Michelson’s opinion a 
positive one", confirming the existence of a stagnant ether. The writer of this 
notice has not seen any informed comment on this interesting result. 

Professor Michelson before resigning his position at the University of Chicago 
had already worked at Mount Wilson Observatory, and a brief account of repeti- 
tions of the famous Michelson-Morley experiment, with a diagram of the apparatus, 
was contributed to Nature of January 19, 1929, by him and his collaborators. ‘The 
results then obtained showed no displacement of the interferometer fringes so great 
as one-fifteenth of that to be expected on the supposition of an effect due to a motion 
of the solar system of three hundred kilometres per second through the ether. 

His last work was concerned with a further determination of the velocity of 
light. This was described by the President of the Société francaise de Physique, 
Professor M. A. Cotton, in announcing Michelson’s death to that Society, in the 
following words: 

‘‘Parmi les constantes physiques importantes, il en est une a laquelle la théorie 
de la relativité, comme le faisait déja la théorie clectromagn¢tique, assigne une place 
4 part: c’est la valeur de la vitesse de la lumiere. Michelson a consacré a plusieurs 
reprises 4 la mesure précise de cette vitesse toute son ingéniosité et son extréme 
habileté expérimentale. C’est cette mesure qu’il s’est appliqué encore a perfection- 
ner durant les derniéres années de sa vie, pendant lesquelles il a conservé toute son 
activité. Michelson avait décidé hardiment cette fois de supprimer la cause des 
petites erreurs qui peuvent persister toujours dans les mesures les plus soignées de 
la vitesse de la lumiére, lorsqu’on les fait 4 la surface de la terre: celles qui provien- 
nent du défaut d’homogénéité optique de la colonne gazeuse traversée par le faisceau 
lumineux, de ces variations de l’indice de réfraction de l’air qui font déja le tourment 
des astronomes. II avait donc décidé de faire le mesure dans le vide. Aussitét 
remis d’une grave maladie qu’il avait éprouvée au début de Vhiver de 1929 il était 
retourné en Californie pour mettre en ceuvre les puissants moyens qu’il avait su 
réunir, Mettant a profit une subvention de 750,000 francs provenant 4 la fois de la 


* Subsequently reduced to 22 miles in view of effects of smoke. 
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Fondation Rockefeller et de la Carnegie Corporation, utilisant les ressources de 
VObservatoire du Mont Wilson, il installa sur un terrain approprié, dans la pro- 
priété de James Irvine, a 6 milles de Santa Ana, un tube d’acier de 1,610 métres de 
long, de g1 centimétres de largeur, formé de morceaux de 20 metres, avec des 
joints étanches: c’est dans l’intérieur que le faisceau lumineux poursuit sa route, 
parcourant plusieurs fois, grace 4 des réflexions auxiliaires, la longueur de la base, 
avant de revenir sur le miroir tournant. Le dernier Rapport de |’Observatoire du 
Mont Wilson indique qu’on avait réussi a faire dans le tube un vide deja satisfaisant 
et que les mesures allaient étre commencées. Elles étaient terminees, assure-t-on, 
et Michelson faisait les calculs qui s’y rapportaient, lorsque la mort est venue le 
surprendre, en plein travail, 4 soixante-dix-huit ans.”’ 

In the Polish paper [/lustracja Polska, No. 38, there appears the illustration here 
reproduced of this latest apparatus, showing the evacuated tube traversed by the 
beam of light. The control room of the apparatus is shown also. While actually 
working on these instruments Michelson had a sudden fainting fit. Immediately he 
regained consciousness, he asked what were the results of the experiment, and those 
were his last words. 

Of Michelson’s personality something may be added. ‘‘ What he set out to do he 
accomplished with a minimum of effort because added to rare ability he had re- 
markable powers of concentration. Anything with which he was occupied so com- 
pletely absorbed him that he thought of nothing else. His unusual concentration 
enabled him to drop whatever he was doing, engage in some other activity, and 
return to his original task. After several hours in his laboratory, he might play a 
game of chess or a few sets of tennis, forgetting entirely his experiments. But his 
companion in the recreation, walking toward his laboratory with Professor Michel- 
son, would find that the game had absolutely passed from his mind, and that 
he was again absorbed in planning his investigation. Because of his concentration, 
he always had leisure to do everything that interested him, but he enjoyed only 
those activities in which he could participate. 

‘He preferred to play the violin rather than to attend concerts: he expressed his 
interest in art by sketching and painting rather than by attending exhibitions. With 
no patience for mediocrity, whatever he decidéd to do he wanted to do well, and 
he would set himself to acquire the necessary technique. When he first came to the 
University of Chicago he was an indifferent billiard player, but because that game 
was one of the few diversions at the Quadrangle Club in which he could join his 
associates, he practised assiduously until he was proficient. More than thirty years 
ago, when he was nearly fifty years of age, he decided to improve his tennis game, 
and with the same determination with which he worked on an experiment, he 
practised strokes. 

“In bridge he was not proficient, because he never set himself to master it. 
One reason, perhaps, was that his memory was of the ‘long type ’—he could remember 
every move of chessmen in a game played a year before, but he could not remember 
cards he had just played, When he was in the navy he was ordered to participate in 
a topographic survey for planning coast defences. In the mechanics of warfare he 
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was not interested, and though his maps were beautifully accurate, he incurred the 
censure of his superiors because the borders were illustrated with pictures he had 
sketched of scenes that had caught his eye. 

“His intense interests were satisfied without the development of any eccen- 
tricities. Something of the navy tradition remained with him throughout his life, 
reflected in his meticulous regard for his appearance and his punctilious observance 
of social form. In Ryerson Laboratory, associates recall, he was a little the admiral 
on the quarterdeck, courteously formal, the officer in command. No one ever saw 
him hurried or anxious, nor heard him raise his voice. 

“ Absolute honesty, the kindliest of courtesy, simplicity, and rigid self-control 
were his predominating personal qualities. Cordial and kindly to everyone, he had few 
intimate friends. Even these he did not call by their first names, for the discipline 
of his early career had given him a formality that was tempered only by his serenity 
and kindliness. He had, however, a deep feeling for those upon whom he bestowed 
affection, and would drop any task to spend a few minutes with his grandchildren. 

“Whatever of vanity he had was early suppressed : whatever realization he had 
of his greatness and secure position in the history of civilization was never apparent. 
He could be brought to talk of his experiments only by direct questioning, and then 
he told the facts simply and impersonally. He had, though few even of his associates 
ever knew so, opinions and views on many questions and personalities, but he did not 
make them public property. He was a lifelong sufferer from insomnia, averaging in 
the last decade of his life less than five hours’ sleep a night, but it never occurred 
to him to talk of the fact nor to discuss any other phases of his private life. 

‘He was self-contained to the point of being self-effacing, not through pride nor 
desire to be secretive, but wholly because he could not conceive of any interest in 
himself, When he came into the Quadrangle Club for lunch, he would take a seat 
by himself, but should any of his colleagues care to join the scientist he was quietly 
welcomed. He was one of the most inconspicuous figures on the campus. 'T’o those 
who asked, he would show his sketches and paintings, but visitors learned not to 
admire them openly, for Professor Michelson would insist on his guest accepting as 
a gift any work that was praised. 

“He had a highly developed aesthetic sense, which found expression not only 
in his painting and composition of music, but in other more unusual forms. ‘Twenty 
years ago, on a trip to South America, he found a species of beetle with bright and 
beautiful colours. Thinking they might please his children, he collected a group of 
them. On shipboard, his active mind began considering the physical causes of the 
brilliant coloration, and the speculation opened up a minor scientific problem that 
amused him for nearly ten years. He examined beetles, humming birds, moths and 
butterflies, figuring angles of ‘ncidence and other formulae, until he reached a 
definite conclusion. Incidentally, that diversion produced a spirited scientific 
debate with a celebrated English physicist, who did not agree with his conclusions. 
Professor Michelson had a deep philosophical interest and was a member of the 
American Philosophical Society, the organization founded by Benjamin Franklin. 
For years he attended ‘ts annual meetings in Philadelphia, greatly enjoying the 
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contact with thinkers in fields other than his. He knew many modern languages, 
and one of his milder diversions took the form of wide reading in Spanish and 


Italian literature.” 


The following further notes on his personality are derived from two who knew 
him“, 

‘“‘Michelson dealt with facts without regard to whether they corresponded to 
his preconceptions or not, and, in fact, invariably attempted to avoid preconceptions 
of any kind. While he had a good knowledge of analysis, he was not interested 
particularly to follow the physical implications of the work he did. In his apparatus 
he frequently designed very simple and ingenious ways of doing things in which the 
temptation might be to do them in a more complicated manner. He was a good 
athlete, and was interested in sports, particularly tennis, throughout his life. 
Millikan mentioned that in playing tennis with him it was interesting to note that 
his calls were absolutely precise: he never gave either his opponent or himself the 
advantage of a doubt—indeed, he never seemed to have a doubt. When a ball was 
out, he said ‘out,’ and when it was in, he said ‘in.’ He was very positive in his 
views, and upheld them vigorously. He was not a teacher, except to those who 
were doing research with him: and indeed did not enjoy having students to work 
with him, considering that one of two things happened. If the student was poor, he 
was in the way: if he was good, he thought that the work was his and not Michel- 
son’s. He was a spasmodic rather than a steady worker, working at high speed when 
he was interested, and his output of work might seem to one near him not tobe great.” 
How impressive that work becomes when viewed from afar we all know, and this 
is doubtless because his achievements, though small in number, were all singularly 
complete and perfect in conception and execution, and all of them were of the very 
first importance. Perhaps only the most difficult problems fully aroused his genius. 

“He was excellent company, bright and jovial, taking a lively part in the conver- 
sation, delighted to hear and to tell a good joke. He rather avoided scientific 
conversation, except in general enthusiastic terms, or concerning some particularly 
intricate technical difficulties of an experiment which he had just succeeded in con- 
quering. He did not sympathize very much with relativity, and, publicly, scarcely 
ever alluded to that theory: yet he was not diffident of it: on the contrary, he seemed 
to attribute to relativity some uncanny power of predicting phenomena which 
were all verified. He liked a good vigorous walk in mild weather or in a biting 
frost, though he was equally alert in the scorching heat which is often experienced 
in Chicago, and he delighted in touring excursions, and spoke with enthusiasm of 
the beauty of the desert of Arizona where he toured extensively. He was, even at 
7°, one of the best tennis players in the university circles of Chicago, and an 
excellent billiard-player. Once, on a very hot afternoon, he played tennis with an 
opponent under the very hard self-imposed condition that his points should not 
count unless forming a suite of 5, and he won after some two hours. Before the 
play was ended a fellow professor came to remind him of a promise to play with 
him. ‘Well,’ said Michelson, ‘let me finish this, then I shall gladly play with you’: 
which he did, vigorously and victoriously, and all this at some go or 95° F.”” 
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Of honours there is a long list. The chief was the Nobel Prize in 1907, which he 
was the first American to receive for science. In the same year he received the 
Copley Medal of the Royal Society, of which he was a foreign member. He was a 
corresponding member of the British Association, a Fellow and Gold Medallist of 
the Royal Astronomical Society, an honorary member of the Royal Institution 
and the Cambridge Philosophical Society, and an honorary or corresponding member 
of various other learned societies in America and other countries. He was a past 
president of the American Physical Society and of the American Association for the 
Advancement of Science, and Exchange Professor at Géttingen in 1911 and at the 
University of Paris in 1920. Honorary degrees were conferred on him by Cambridge, 
Yale, Pennsylvania, Leipzig, Gottingen, Christiania, Paris and McGill Universities. 
He married, in 1899, Edna Stanton of Lake Forest, Illinois, and had one son and 
three daughters. 

As portrayed in the sources of information which I have consulted I have found 
the character of Michelson rather enigmatical. With all his varied activities, wide 
circle of acquaintances, and ready acceptance of good company, the man himself in 
his inmost being seems to have held aloof from any real intimacies. On this account 
I think it worth while concluding this notice by Michelson’s statement of how he 
himself felt about his work. 

“Tt has happened more frequently than might have been expected that research 
in pure science has resulted in tremendous industrial developments, as in the case 
of the researches of Faraday, Maxwell, and Hertz, which laid the foundation for all 
of our immense organization of electric light and power: telegraph, telephone, wire- 
less, and other applications of electricity and magnetism. 

‘But quite apart from such direct benefits to humanity, it seems to me that 
scientific research should be regarded as a painter regards his art, a poet his poems, 
a composer his music. It would be quite as unfair to ask of these an apology for 
their efforts; and the kind of benefit which I should most appreciate from research 
in pure science is much more allied to such non-material results—results which 
help to increase the pleasure to us all of matter-of-fact existence, and which help to 
teach man his true relation to his surroundings—his place in Nature.” 

So the man whose experiments had such unforeseen and impressive results 
prized them rather as works of art in themselves. The passage reveals, I think, rare 
serenity and balance of mind. 


F. TWYMAN 
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MR HERBERT TOMLINSON, F.R.S. 


The death of Mr Herbert Tomlinson on June 12, 1931, will recall to the minds 
of many of our older physicists the nature of the research work done in the 
later Victorian years. He was born in 1845 and went to St Peter’s School, York, 
from which he gained a scholarship at Christ Church, Oxford. There he studied 
mathematics and physics, receiving the B.A. degree in 1868. 

Shortly after graduation he went as demonstrator and lecturer in physics to 
King’s College, London, under Professor Grylls Adams. It will be remembered 
that Clerk Maxwell, the centenary of whose birth is being commemorated in 
October, was professor of physics at King’s College from 1860-65, and he had 
made the laboratory a centre of research. When he resigned, Professor Grylls 
Adams, brother of the discoverer of the planet Neptune, was appointed, and Mr 
Tomlinson on coming into this genial and intellectual atmosphere soon had his 
mind turned to research. The present writer, in looking over the subjects of Mr 
Tomlinson’s papers, feels that he can trace the influence of Maxwell in the 
problems and methods used in them. The viscosity of air is one of the subjects that 
attracted Tomlinson. Maxwell had made measurements with oscillating plates; 
Tomlinson used spheres attached to a rod which was arranged to oscillate at the end 
of a torsion wire. Sir George Stokes, then president of the Royal Society, was 
interested in the experiment and calculated a correction for the rotational effect of 
the spheres, and indeed communicated the paper to the Society. It is interesting to 
compare the final result, o-o00r7711 at 11°°7g C., with the recent determination by 
the capillary-tube method made by Professor Rankine who found 0-0001770 at 
11°-2 C. and 0-0001803 at 15°°5 C. 

Many of Tomlinson’s other papers, most of which were communicated to the 
Royal Society by Professor Grylls Adams, dealt with the internal friction of metals 
and the effects of temperature and magnetism on this friction, and with the velocity 
of sound in wires determined directly and indirectly. These subjects formed the 
matter of many extensive papers in the Royal Society’s Transactions, and for his 
work he was elected a Fellow on June 6, 1889. Among the others elected at the same 
meeting were John Aitken, Horace T. Brown, Latimer Clark, Professor McKenny 
Hughes and Professor Sollas. 

Tomlinson joined the Physical Society in its first session, and the 1926 list 
contains the name of only one other who joined that session. He was a life member, 
and served on the Council. . 3 

In 1894 Tomlinson gave up the work at King’s College for the post of Principal 
of the newly built South-western Polytechnic at Chelsea, and this work in technical 
education absorbed his activity until 1904. Among the many classes that he 
instituted was a Saturday morning class for team-work in research. He and a 
number of the more advanced students met for the purpose of a united attack on 
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some problem in elasticity or magnetism. The results were difficult to utilize, for 
although he was an experienced research-worker himself, his assistants could claim 
but little facility at practical work. 

In 1904 he resigned the principalship and retired to Bexhill, where he devoted 
much time to wireless telegraphy, then in its infancy. It was characteristic of 
him that when he left London he told the present writer that he would never 
revisit it; and so far as the writer knows he kept his word. Unfortunate 
circumstances deprived him of his small fortune, and as he was ineligible for any 
educational pension he received a Civil List pension for his scientific work. During 
the War he served for some time as a science teacher at Lancing College. 

Tomlinson was a man of intense devotion to a task that interested him, but he 
had also the capacity of putting aside a subject and taking up another with equal 
intensity. He was a most pleasant and cordial principal and received the devotion 
of his staff and students. His intimate friends included the late Professor Reinold, 
but he was not known to many of the younger school of physicists. His work was 
of importance in tracing changes in the properties of matter under varying con- 
ditions, and he brought to general notice many of these properties which in his 
time were little appreciated. 


S. SKINNER 


s 
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REVIEWS OF BOOKS 


An Introduction to Applied Optics, Vol. 1, General and Physiological, by L. C. 


Martin, D.Sc., A.R.C.S., D.I.C. Pp. ix+ 324. (London: Sir Isaac Pitman and 
pons, Ltd. 1930:) 21s. 


In general our text-books can easily be divided into two categories. ‘The material 
of a new text-book of one class can be practically all found in two or three of its prede- 
cessors, and very often the errors of an earlier text are repeated in the new. Unfortunately 
this class is by far the more numerous, since the writing of such text-books involves a 
minimum expenditure of time and effort. It is this class of writing that is responsible for 
the common complaint that new and important material does not “‘ get into the text-books”’ 
for ten or more years. Occasionally, however, we are rewarded with a book of the other 
class, which presents the subject from a fresh viewpoint. It is usually written by one who 
has specialized in the subject for many years, and therefore contains much material that has 
never found its way into the stereotyped class book. 

Dr Martin’s book is clearly of this latter class and he is to be congratulated on achieving 
so much in the almost superhuman task of giving a fair résumé of present day applied 
optics. The elementary theory given in the first chapter includes Dowell’s new graphical 
construction for tracing a ray through an optical system, and a numerical example of 
trigonometric tracing as used in lens designing. Chapter 2 deals with the general theory of 
optical systems both graphically and analytically. In the third chapter, just enough 
physical optics is introduced to enable the reader to understand the nature of the diffrac- 
tional effects obtained with telescopes, and the chief methods of investigating the properties 
of radiation are briefly summarized. The fourth chapter is a masterly account of the defects 
of optical images. This is probably unequalled in any other book, and no serious student of 
optics should miss the clear account of aberration that is given here. Chapter 5 deals with 
the eye and physiological optics and is followed by further chapters on physical optics, 
optical glass (including lens-polishing) and spectacles. 

The book is singularly free from misprints, but one occurs on p. 184. The phase- 
change on reflection at a denser medium is an advance of 7, so that the minus sign should 
be used in the expression for the total path-difference. The text for striae given on p. 241 
is yery much improved when the eye is placed behind an obstacle slightly larger than the 
image of the small light-source that falls on it. These are very minor points, and the book 
can be whole-heartedly recommended to all who are interested in practical optics and to 
those who wish to make the most of the optical instruments that they use as tools. The 
appearance of the second volume, dealing with the telescope and the microscope, will be 
awaited with interest. W.E. W. 


The Scientific Journal of the Royal College of Science, Vol. 1. Pp. 158. (London: 
Imperial College Union, 1931.) 35. 


With the rapid growth of the sciences comes a growing need for accounts which, while 
sufficiently elementary to appeal to students not specially versed in the details of the 
science dealt with, are yet technical enough to be of interest to the expert. It is not easy 
to find such accounts; the difficulties are patent and well-known—they are in fact the 
difficulties that face every one whose lot it has been to contribute an article to an encyclo- 
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pedia. But addresses given before student societies are as likely as not to hit the mark, and, 
to whomsoever be the credit, it was a happy thought to induce three of the student 
societies of the Imperial College to join forces. The result has been the production of a 
volume of permanent interest. The three societies concerned are the Imperial College 
Chemical Society, the R.C.S. Natural History Society, and the R.C.S. Mathematical and 
Physical Society. The first-named society is not new to the business—it has for nine years 
past produced an annual journal. The present volume continues worthily the traditions of 
its predecessors and contains five authoritative addresses by W. H. Perkin, on high- 
pressure chemical plant, on the mechanism of the combination of hydrogen and oxygen, 
and on the polymerizing capacities of unsaturated compounds. This in itself is good enough 
fare, but the volume is greatly strengthened by the addition of three natural history 
lectures on the Alps, on plant-breeding, and on tree crops, and of four lectures—on 
moving magnetic fields, time, the determation of gases and the nature of vowel and 
consonant sounds—which were delivered before the Physical and Mathematical Societies. 

The societies concerned are to be heartily congratulated on their venture; their first 
volume is pleasant to look at and to handle and good to read, and we trust that it will be 
the ancestor of a long and healthy line. A. F. 


A Survey of Physics (for College Students), by Prof. F. A. SauNDERS. Pp. x + 635. 
(London: G. Bell and Sons, Ltd.) 14s. 


The chief virtues of this book lie in its modern viewpoint and its thoroughly practical 
outlook. Among other things, it gives brief accounts of or mentions series spectra, the 
Schottky effect, the Raman effect, wave mechanics, electron-diffraction and relativity. 
While no very obvious immediate purpose is served by brief non-mathematical accounts of 
some of these, there is much to be said for introducing some mention of them at an early 
stage in physics courses. 

The book is good on the practical side, and it freely mentions modern technical 
applications. ‘The exercises and problems are generally so devised as to give sound ideas on 
common physical magnitudes rather than mere practice in arithmetical manipulation. The 
practical outlook and general style may be illustrated by quotation from a passage (p. 21) 
which accompanies a highly moral tale of the discomfiture of an inventor who lacked 
instruction in the elements of theoretical physics: ‘It makes an instructive illustration of 
the magnitude of the air pressure to exhaust the air from the inside of an old tin can, 
provided that it is no longer needed.” This might have been less ambiguously expressed, 
but it would be difficult to devise a mode of exposition more likely to drive the lesson home. 

On the systematic and theoretical side the treatment is less adequate—less so than that 
of many established texts of similar range. It is at times even a little misleading. For 
example, the electronic change is deduced (p. 363) by dividing 6:06 x 1073 (Avogadro’s 
number per gramme-molecule) into Faraday’s constant, and stress is laid upon the 
exactitude of the agreement of this result with Millikan’s oil-drop value. It is surely a 
little disingenuous to suggest that this particular agreement proves anything beyond the 
reliability of the ordinary rules of arithmetic. j 

In spite of defects of this kind, the book is clearly and vigorously written, and most 
junior students of physics could read it with both profit and pleasure. It contains many 
things which are not to be found in the more conventional elementary texts, and some 
excellent photographs. 

It should be pointed out (after the announcement on the dust-cover) that the book 
provides only a preliminary ‘survey of all the general physics demanded... by a pass degree 
examination.” The text and the many excellent problems and exercises are in the main of 
a standard not very different from those associated with work for intermediate science, 
pre-medical and school-certificate examinations in this country. H. R.R. 
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Thermodynamics, by ALFRED W. Porter, D.Sc., F.R.S. Feap. 8vo, pp. vii + 96. 
(London: Methuen, 1931.) 2s 6d. 


- The number of possible solutions of the problem of selection of material for a small 
book on thermodynamics must be very large. The one embodied in this work seems 
thoroughly suited for a third-year course for students reading for an honours degree 
After an historical introduction of 20 pages, which commences with the foundations of 
mechanics, it deals in succession with reversible changes and their applications, with 
irreversible changes and with equilibrium. The treatment of gas equations is particularly 
good and will give a student a much clearer idea of their limitations than he can obtain 
from many larger works. There are few misprints (pp. 36, 37), but the absence of numbering 
from the equations is an inconvenience when “‘it has been shewn that” is encountered. 

GLHOE, 


Krieselraéder als Pumpen und Turbinen, Vol. 1, by WILHELM SPANNHAKE, Professor 
at the Karlsruhe Technical High School. 8vo, pp. viii + 320. (Berlin: Springer, 
1931.) 29 marks. 


In this volume, which is the first of what promises to be an extensive treatise, the 
author establishes the hydrodynamical theorems applicable to machines and plant which 
deal with the flow of fluids. Turbulent motion is not included, but in cases where the one- 
dimensional stream-line theory, which is the principal feature of the book, is found in- 
sufficient, corrections, such as experience has shewn to be necessary, are applied to the 
velocities and energies. This enables an outline of the subject to be traced, which the 
second volume will fill in and render more exact, while the third volume will deal with the 


mechanical details of the machines. The volume is well printed and illustrated. 
CA sit 


Meteorological Office, Professional Notes. No. 52: Bumpiness on the Cairo-Basra Air 
Route, by J. Durwarp, M.A. 8vo, pp. 6. (London: H.M. Stationery Office, 


1929.) 3d. 


The rises and falls of an aircraft due to vertical air currents, which are brought about 
generally by irregular country, are least in the early morning, but may at other times be 
experienced at altitudes of 12,000 feet. Goal. 


Meteorological Office, Professional Notes. No. 53: The Relation between the Duration 
of Bright Sunshine and the Amount of Cloud, by C. E. P. Brooks, D.Sc. 8vo, pp. 
15. (London: H.M. Stationery Office, 1929.) 9d. net. 


By comparing the records of Campbell-Stokes sunshine-recorders with those of 
cloudiness, the author has deduced a formula giving the duration of bright sunshine in 
terms of cloudiness which allows the sunshine to be calculated from observations of clouds, 
made at three or more periods of the day, at places where sunshine recorders are not 


available. C.H.L. 
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Meteorological Office Réseau Mondial 1924. 4to, pp. Xv + 115. (London: H.M. 
Stationery Office, 1931.) 25s. net. 


No change has been made in the form of publication of this volume as compared with 
that of the previous year.* The number of stations utilized was 479 for the year, as against 
463 for the previous year. c. ES 


Meteorological Office, Geophysical Memoirs. No. 48: The Meteorological Results of 
Journeys in the Southern Sahara, 1922 and 1927. Made by F. R. Rodd, F.R.G.S. 
Discussed by C. E. P. Brooks, D.Sc. and S. T. A. Mirrlees, M.A. 4to, pp. 40. 
(London: H.M. Stationery Office, 1929.) 3s. 6d. net. 


The region north of Kano (12° N. to 20° N.) has a winter dry season with north- 
easterly winds and a summer wet season with south-westerly winds and a rainfall of 34 
inches at Kano, considerably less to the north, and in the northern plains probably less than 
5 inches. In summer the nights are warm and oppressive. C. Hota 


Meteorological Office, Geophysical Memoirs. No. 49: Two Notes on the Operation of 
Galtzin Seismographs, by F. J. Scrase, M.A., B.Sc. Pp. 9. (London: H.M. 
Stationery Office, 1930.) Is. net. 


A diagram is given enabling the damping-constant and the free period of a Galitzin 
seismograph to be readily evaluated. The variation of the period of the pendulum with 
position, brought about by the single control spring, can be overcome only by the use of 
additional springs. CH. 


Meteorological Office, Geophysical Memoirs. No. 52: Some Characteristics of Eddy 
Motion in the Atmosphere, by F. J. Scrasz, M.A., B.Sc. Pp. 16. (London: H.M. 
- Stationery Office, 1930.) 1s. 6d. net. 


The eddy motions in the wind over Salisbury Plain have been studied by means of 
kinematograph records of the position of a wind-vane free to move both horizontally and 
vertically, and of a Dines anemometer. For average eddy motion the eddy speeds across 
and down the wind are proportional to the mean wind speed, the horizontal cross-wind 
speed being greater than the down-wind speed, and that greater than the vertical speed. 
The ratios of these speeds vary with height above the ground, Cc. B.E 


Novius Organum, by James CLARK McKrrrow, M.B. Pp. viii + 277. (London: 
Longmans Green and Co. Ltd., 1931.) 9s. 


Mr McKerrow’s title is well chosen; his philosophy is in the classical tradition, even if 
his exposition of it is not in the classical style. For he will explain the universe to us, 
whether under the aspect of cosmogony or of social economics, in terms of a single prin- 
ciple—the principle of “habit,” which makes things repeat their activity. 

The only question that need be asked here is whether Mr McKerrow’s arguments, 
often acute and entertaining, are of particular interest to physicists. The answer is that 
they are not. The ‘limited, second-hand, and popular knowledge” to which he confesses, 
does not necessarily make his “liberty of thought border on licence”; but a philosopher 
who appeals to scientists must take the scientific attitude towards science and refrain from 


criticizing theories on the ground that they fail to solve problems lying entirely outside 
their range. NURS 


* Proc. Phys. Soc. 48, 118 (1931). 
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SESSION 1930-31 


Except where the contrary ts stated, the meetings were held at the Imperial College 
of Science and Technology, South Kensington. 


October 17, 1930. 
Mr R. W. Paut in the Chair. 


1. ‘The President announced that the Council had elected R. A. Newing, 
G. D. Pegler, Wilfred Pagley, Donovan Chilton, Hilda E. Carpenter, Elsie A. 
Simmons, Edith Dora Vedy, Charles John Birkett Clews to be Student Members of 
the Society. 

2. A paper entitled ‘‘A simple approximate theory of the pressure between two 
bodies in contact,” was read by J. P. ANDREws, M.Sc., F.Inst.P. 


3. A paper entitled ‘“‘Experiments on impact,” was read by J. P. ANDREWS, 
iMiSe.;, FInst.P. 


4. A paper entitled ‘Observations on percussion figures,” was read by J. P. 
Anpbrews, M.Sc., F.Inst.P. 


5. A paper entitled “Some physical radiometric investigations of technical 
interest,’’ was read by Dr RupoLF Hass. 


November 7, 1930. 
Prof. Sir ARTHUR EppincToNn, M.A., D.Sc., F.R.S., in the Chair. 


1. Roger Daniel Hewart Jones, Robert Stephen Dadson, George Paget ‘Thom- 
son, Syed Mohamad Ali Khan, Herbert John Gough, Thomas Musgrave Pyke, 
R. F. Hanstock, R. S. Mani, P. V. Kuruvila, H. R. Robinson, H. Amorim Ferreira, 
Louis George Melio, Donald Thomas Jones, H. Harrison Macey were elected 
Fellows of the Physical Society. 

The President announced that the Council had elected E. R. F. P. Mendis to be 
a Fellow of the Physical Society under Article 14, and Allen James Lewis to be a 
Student Member of the Society. 

2. A paper entitled “The absorption and dissociative or ionizing effect of 
monochromatic radiation in an atmosphere on a rotating earth,” was read by 
Prof. S. CHAPMAN. 

3. A paper entitled “ Turbulent flow through tubes,” was read by W. N. Bonn, 
M.A., D.Sc., F.Inst.P., Lecturer in Physics in the University of Reading. 
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4. A paper entitled “The spectrum of trebly-ionized cerium (Ce IV),”’ was read 
by J. S. Bapamt, Imperial College of Science and Technology. 


s. A paper entitled ‘‘ The photographic effects of gamma-rays,” by J. 5. Rocers, 
B.A., M.Sc., F.Inst.P., Senior Lecturer in Natural Philosophy, University of 


Melbourne, was read. 


November 21, 1930. 
Prof. Sir ARTHUR EppincTon, M.A., D.Sc., F.R.S., in the Chair. 


1. Thomas Eric Banks, Frank Arthur Long, Mark Thompson, Robert C. G. 
Williams, Charles Seymour Wright, and William Rees Williams were elected 
Fellows of the Physical Society. 


The President announced that the Council had elected F. B. Levetus and James 
Alfred Conway Student Members of the Society. 


2. A paper entitled ‘‘The determination of the acoustical characteristics of 
singly-resonant hot-wire microphones,” was read by E. T. Paris, D.Sc., F.Inst.P. 


3. A paper entitled ‘‘ The spectrum of doubly-ionized arsenic,” by K. R. Rao, 
D.Sc., Madras Government Research Scholar, University of Upsala, was read. 


4. A paper entitled ‘‘ The effect of temperature on spark-potential,” was read by 
H. C. Bowker, B.Sc. (Eng.), Ph.D., A.K.C. 


5. A paper entitled ‘‘ The Curie points,”’ was read by L. F. Bates, B.Sc., Ph.D., 
University of London, University College. 


6. A demonstration was given of an instrument for compounding curves, 
designed by J. L. Haucuton, D.Sc., The National Physical Laboratory. 


December 5, 1930. 
Prof. Sir ARTHUR EppincTon, M.A., D.Sc., F.R.S., in the Chair. 


t. Alan Julian Maddock, John Francis Robertson, Thomas Lidyard Rosgyll 
Ayres, William Lethersich, Karl Manne Georg Siegbahn, Mary John, Homer L. 
Dodge, Wilfred Basil Mann, and Leonard Francis Osmond were elected Fellows of 
the Physical Society. 


2. A paper entitled ‘A point of analogy between the equations of the quantum 


theory and Maxwell’s equations,” by M. Faumy, The Egyptian University, Cairo, 
was read. 


3. A paper entitled “Sources of illumination for ultra-violet microscopy,” was 
read by B. K. Jounson, F.R.M.S. 
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4. A paper entitled ‘“‘ The influence of the crystal-orientation of the cathode on 


that of an electro-deposited layer,” was read by W. A. Woop, M.Sc., National 
Physical Laboratory. 


5. A paper entitled “‘ Relations between the fundamental physical constants,” 


was read by C. A. Ktoss, B.Sc., A.I.C., British Electrical and Allied Industries 
Research Association. 


6. A demonstration of some stroboscopic effects was given by Prof. G. B. 
| Bryan, D.Sc., Royal Naval College, Greenwich. 


January 6, 7 and 8, 1931. 
The twenty-first annual exhibition of the Physical Society and the Optical 
Society was held in the Imperial College of Science. 
Discourses were delivered as follows: 
January 6th: Prof. Sir ARTHUR EppincTon, M.A., D.Sc., F.R.S., opening address. 


January 7th: E, Lancaster-Jones, B.A., ‘‘Searching for minerals with scientific 
instruments.” 


January 8th: Prof. Sir GrLBERT WALKER, F.R.S., ‘“‘ The physics of sport.” 


January 16, 1931. 
Prof. Sir ARTHUR EppincTon, M.A., D.Sc., F.R.S., in the Chair. 


1. Henry C. Calvert, Claude L. Lyons, Luang Brata, Robert Donaldson, 
Thomas Arthur Chalmers, William Edward Thomas Perry, Charles Edward 
Robinson and Clifford Wainwright were elected Fellows of the Physical Society. 

The President announced that Robert Welham Haward, Aileen Mary Prior and 
Walter Wilson had been elected to Student Membership of the Society. 


2. A paper entitled ‘‘ The influence of low temperatures on the thermal diffusion 
effect,” by T. L. Inns, M.C., Ph.D. and K. E. Grew, Ph.D., was read by Dr Ibbs. 

3. A paper entitled ‘‘ Further experiments on magnetostriction oscillators at 
radio frequencies,” was read by J. H. VINCENT, M.A. D:S¢., F:lnstP. 

4. A paper entitled ‘The equivalent circuit of the magnetostriction oscillator,” 
by S. BUTTERWORTH, M.Sc, and F. D. Smiru, M.Sc., A.M.I.E.E., was read by 
Mr Butterworth. 

5. A paper entitled ‘‘’The theory of the microscope,” was read by L. C. Martin, 
Pisce AR. CinsD.LC. 

6. A demonstration of plug and ring gauges was given by F. H. Rott, National 
Physical Laboratory. 
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February 6, 1931. 
Prof, Sir ARTHUR EppincTon, M.A., D.Sc., F.R.S., in the Chair. 


1. Robert William Corkling, S. Rama Swamy, Basil Gordon Dickins, and 
Ernest Gordon Cox were elected Fellows of the Physical Society. 


The President announced that Eric George Longhurst, Arthur Joseph Woodall, 
Ailsa W. Ikin, David Arthur Bell, David Evered Harrell Jones, and Charles Henry 
Kemp had been admitted to Student Membership of the Society. 


2. A paper entitled ‘The radiation-reflecting powers of rough surfaces,”’ was 
read by H. E. BEckeTT, B.Sc. 

3. A paper entitled ‘‘A ballistic recorder for small electric currents,’’ was read 
by E. B. Moss, B.Sc. 


4. A paper entitled “‘'The instrumental phase-difference of seismograph records ; 
an illustration of the properties of damped oscillatory systems,” was read by F. J. 
Scrase, M.A., B.Sc., Kew Observatory. 


February 20, 1931. 
Mr J. Gump in the Chair. 


1. Mrs Freda Stilwell, James Ronald Clarkson, Raymond George Wood, and 
Cyril Alfred Sinfield were elected Fellows of the Physical Society. 


2. A paper entitled ‘‘On the velocity of sound waves in a tube,” by G. G. 
SHERRATT, B.A. and J. H. Aweery, B.A., B.Sc., F.Inst.P., Physics Department, 
National Physical Laboratory, Teddington, Middlesex, was read by Mr Sherratt. 


oie, aa paper entitled ‘‘A note on the elimination of the 8 wave-length from the 
characteristic radiation of iron,” was read by W. A. Woop, M.Sc., Physics 
Department, National Physical Laboratory. 


4. A paper entitled “The tube effect in sound-velocity measurements,” 
was read by P. S. H. Henry, Coutts Trotter Student, the Laboratory of Physical 
Chemistry, Cambridge. 


March 6, 1931. 
Prof. Sir ARTHUR EppINcToN, M.A., D.Sc., F.R.S., in the Chair. 


1, Guy Burniston Brown, Thomas Eran Leyshon, Frank Ernest Hoare, 


Alastair Watson Gillies, and Reginald Frederick Clark were elected Fellows of the 
Physical Society. 


2h A paper entitled ‘‘ Practical investigations of the earth resistivity method of 
geophysical surveying,” was read by G. F. Tae, B.Sc., A.M.LE.E. 


Proceedings XI 


3. A paper entitled ‘““A photoelectric spectrophotometer for measuring the 
amount of atmospheric ozone,” was read by G. M. B. Dopson, D.Sc., F.R.S. 


4. A paper entitled ‘Displacements of certain lines of the spectra of ionized 
oxygen (O II, O III), neon (Ne IJ) and argon (A II),” was read by W. E. Pretty, 


B.Sc., A.R.C.S., D.I.C., Assistant Lecturer in Physics, Imperial College, South 
Kensington. 


5. The following experiments and slides were shewn by Eric J. Irons, Ph.D.: 
(rt) Mechanical lantern slide to demonstrate the formation and properties of 

stationary waves. The slide consists of two chemically fixed photographic plates 
upon each of which a sine curve is drawn. Means are provided whereby the curves 
move in opposite directions and the resultant displacements for various positions of 
the waves are registered on the board upon which the slide is focussed. 

(2) Five lantern slides* illustrating the formation of dust figures in a Kundt’s 
tube excited by a rod. 

(3) Determination of the end-correction of a tube. Dust figure gives an ocular 
demonstration of the fact that an antinode is not formed exactly at the open end of 
a Kundt’s tube and enable an estimate of the end-correction to be made.t 

(4) Demonstration of the effect of a Quincke filter on the sound emitted from 
a valve-maintained tube. If a side branch tuned to a note of particular frequency 
is fixed in a conduit down which sound waves are passing, the energy associated 
with that frequency is absorbed in the branch. 


Annual General Meeting, March 20, 1931. 
Prof. Sir ARTHUR EppINcTON, M.A., D.Sc., F.R.S., in the Chair. 
1. The Minutes of the preceding Annual Meeting were read and confirmed. 


2. The Reports of the Council and of the Hon. Treasurer were presented and 
adopted. 

3. Mr J. E. Calthrop and Major W. S. ‘Tucker having been appointed scruti- 
neers, the following officers and members of Council were elected for the year 
1931-32: 

President: Prof. Sir A. S. Eddington, M.A., D.Sc., F.R.S. 

Vice-Presidents (who have filled the office of President) : Sir Oliver J. Lodge, D.Sc., 
Lieb, ER.S.- Sire Richard Glazebrook, K.C.B., Sc.D., F.R.S.; Sir Arthur 
Schuster, Ph.D., Sc.D., F.R.5.; Sir J. J. Thomson, O.M., D.Sc., F.R.S.; Prof. 
C. Vernon Boys, F.R.S.; Prof. C. H. Lees, D.Sc., F.R.S.; Prof. Sir W. H. Bragg, 
K.B.E., M.A., F.R.S.; Alexander Russell, M.A., D.Sc., F.R.S.; F. E. Simith, Gab. 
Disey FRS.; Prot, 0) W. Richardson, M.A., D.Sc., F.R.S.; W. H. Eccles, D.Sc., 
F.R.S. 

* Phil. Mag. 7, 523 (1929). + Phil. Mag. 6, 580 (1928). 
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Vice-Presidents: A. B. Wood, D.Sc.; Prof. A. O. Rankine, 0.B.E.; Dsez 
J. 8. G. Thomas, D.Sc.; J. Guild, A.R.C.S., D.LC. 


Hon. Secretaries: Ezer Griffiths, D.Sc., F.R.S.; Allan Ferguson, M.A., D.Sc. 
Hon. Foreign Secretary: Prof. O. W. Richardson, M.A., D.Sc., F.R.S. 

Hon. Treasurer: R. S. Whipple, M.1.E.E. 

Hon. Librarian: J. H. Brinkworth, M.Sc., A.R.C.S. 


Ordinary Members of Council: Lewis Simons, D.Sc.; J. H. Awbery, B.Sc.; fe 
Smith, M.A.; W. Jevons, D.Sc., D.I.C.; Prof. W. Wilson, Ph.D., D.Sc., F.RS.; 
D. Owen, B.A., D.Sc.; B. P. Dudding, M.B.E., A.R.C.S.; Major I. O. Griffith, 
M.A.; D. W. Dye, D.Sc., F.R.S.; Prof. G. P. Thomson, F.R.S. 


4. Votes of thanks to the auditors (proposed by Dr D. Owen and seconded by 
Dr J. H. Brinkworth), to the retiring officers and Council (proposed by Prof. F. L. 
Hopwood and seconded by Prof. L. C. Martin), to the Governing Body of the 
Imperial College of Science and Prof. G. P. Thomson for permission to meet at the 
College (proposed by Mr T. Smith and seconded by Mr J. Guild) and to the 
scrutineers (proposed from the Chair) were carried unanimously. 


5. The Duddell Medal, 1930, was presented to Prof. Sir J. AMBROSE FLEMING, 
M.A., D.Sc., F.R.S., a founder Fellow of the Society who read the first paper at the 
opening meeting of the Society in March 1874. Sir Ambrose Fleming exhibited a 
collection of apparatus of historical interest. 


Prof. H. E. ARMsTRONG, also a founder Fellow, gave a brief address of remi- 
niscence, 


April 17, 1931. 
Dr J. S. G. THomas in the Chair. 


1. Ralph Jessel, Sidney Zeidenfeld and Leslie Charles Bailey were elected 
Fellows of the Physical Society. 


The Chairman announced that Miss T. M. Lloyd had been admitted to Student 
Membership of the Society. 


2. A paper entitled ‘The generation of current-pulses of rectangular wave- 
form,” by A. J. Mappocx, M.Sc., A.Inst.P., was taken as read. 


3. A paper entitled ‘‘An improved method for the comparison of small magnetic 
susceptibilities,” was read by R. A. Frrepay, B.Sc., F.Inst.P, 


4. A paper entitled ‘Edge tones,’ was read (with demonstration) by E. G, 
Ricuarpson, B.A., Ph.D., D.Sc., University College, London. 


ear 3 


Proceedings xiii 


May 1, 1931: 
Prof. Sir ARTHUR EppincTon, M.A., D.Sc., F.R.S., in the Chair. 


1. Richard Leonard Ascough Borrow, M. Farrell, R. W. Sutton, Godfrey Henry 
Barker and Frank Cecil Connelly were elected Fellows of the Physical Society. 


2. A lecture was delivered by Prof. J. E. LeENNarD-Jones, D.Sc., Ph.D., who 
took as his subject ‘‘ Cohesion.” 


May 15; 193i. 
; Meeting held at the Science Museum, South Kensington. 
Prof. Sir ARTHUR EppincTon, M.A., D.Sc., F.R.S., in the Chair. 


t. Frank Gill, John Rankine, G. A. Wedgwood, and W. Ewart Williams were 
elected Fellows of the Physical Society. 


The President announced that Denis Raymond Wilson had been admitted to 
Student Membership of the Society. 


2. The Sixteenth Guthrie Lecture was delivered by Sir RicHarp T. GLazE- 
BROOK, K.C.B., M.A., Sc.D., F.R.S., who took as his subject ‘‘Standards of 
measurement, their history and development.”’ 


A vote of thanks to the lecturer was proposed by Sir Frank Smith and seconded 
by Sir Henry Lyons. 


Fune 5, 1931. 
Prof. A. O. RANKINE, O.B.E., D.Sc., in the Chair. 


1. Francis Alan Burnett Ward, Sidney J. Kennedy and Sidney Jefferson were 
elected Fellows of the Physical Society. 


2. A paper entitled ‘‘ Electro-osmosis and electrolytic water-transport,” Part 2, 
was read by H. C. Hepsurn, Ph.D., Birkbeck College. 


3. A paper entitled “Spectra of trebly and quadruply ionized antimony, Sb IV 
and Sb V,” by J. S. Bapami, Imperial College of Science, was read in title. 


4. A paper entitled “A time base for the cathode-ray oscillography of irregularly 
recurring phenomena,” by G. I. Fincu, R. W. Surron and A. E. Tooke, Imperial 
College of Science, was read (with demonstration) by Prof. Finch. 


5. A paper entitled ‘The attenuation of ultra-short radio waves due to the 
resistance of the earth,” by R. L. Smiru-Rosz, D.Sc., Ph.D., A.M.I.E.E. and J. 5. 
McPerrie, B.Sc., National Physical Laboratory, was read by Mr McPetrie. 


cate Proceedings 


6. A paper entitled ‘‘The absorption and dissociative or ionizing effect of 
monochromatic radiation in an atmosphere on a rotating earth. Part II— 
Grazing incidence,” by S. CHapMaNn, M.A., D.Sc., F.R.S. was read in title. 

+, A ripple-tank demonstration of beats as moving interference fringes was given 
by Mr M. O. CLARKE. 


June 19, 1931. 
Prof. Sir ARTHUR EppincTON, M.A., D.Sc., F.R.S., and subsequently 
Prof. A. O. RANKINE, O.B.E., D.Sc., in the Chair. 


A discussion on audition*® was held. 


The discussion was opened by Dr C. S. Myers, F.R.S. The following also 
contributed papers: 

Dr E. D, Aprtan, “The microphonic action of the cochlea in relation to theories 
of hearing.” Dr R. T. Bearry, “‘Auditory mechanisms.” Dr A. W. G. Ewinc, 
‘High-frequency deafness.”” Dr F. ALLEN, ‘‘ The perception of intensity of sound 
in normal, depressed and enhanced states of aural sensitivity.”” Dr E. G. R1cHARD- 
son, “The dynamical theory of the ear.” Sir RicHarp A. S. Pacer, “‘ Audition in 
relation to speech, and the production of speech sounds by the human vocal appara- 
tus, by acoustic or electrical resonators and by musical instruments.” Dr E. W. 
SCRIPTURE, “The nature of the vowels.” Dr ERwIN Meyer, “‘ The analysis of noises 
and musical sounds.” Prof. E. N. pa C. ANDRADE, ‘‘ Absolute measurement of sound- 
amplitudes and intensities.’’ Dr C. V. DryspaLe, “‘ Acoustic measuring instruments.” 
Dr H. Banister, ‘‘The basis of sound-localization.’” Dr A. H. Davis, ‘‘ The 
measurement of noise.”’ Dr F. TRENDELENBERG, “‘ Objective measurement and sub- 
jective perception of sound.” Dr G. WarrzManNand Herr H. Hessic, ‘‘ The measure- 
ment by resonance telephone of the threshold sensitivity of the ear.” Major W. S. 
Tucker, “The localization of sound derived from observations of intensity.”’ Prof. 
E. M. von HornzostTe1, ‘‘ The time-theory of sound-localization. A re-statement.” 
Mr F. C. Bartiert, ‘‘On certain general conditions of auditory measurements.”’ 


June 20, 1931. 
Meeting held at University College, Reading. 
Prof. Sir ARTHUR EppINcTon, M.A., D.Sc., F.R.S., in the Chair. 


1. A paper entitled “The absorption of X-rays” was read by Prof. J. A. 
CrowTuer, M.A., Sc.D. 


2. A paper entitled ‘‘ Magnetostriction and hysteresis” was read by Dr W. N. 
Bonp, M.A. 


3. A paper entitled “Radiation from a point source” was read by Mr L. G. 
Vepy, B.A., B.Sc. 


4. After tea a series of seventeen exhibits were shown in the laboratories. 
5. The meeting concluded with a trip on the river. 


* Published in a separate volume. 


REPORT OF COUNCIL FOR THE PERIOD ENDING 
FEBRUARY 28TH, 1931 


MEETINGS 


Durinc the period covered by the report 12 ordinary science meetings were held at the 
_Imperial College of Science. At these meetings 45 papers were presented and 7 demon- 
strations given. 

On June 4 and 5, 1930, a joint discussion with the Optical Society was held on “ Photo- 
electric cells and their applications,” and on June 14, 1930, members of the Society 
and their friends visited Rugby. In the forenoon they were shown round the research 
laboratories and works of the British Thomson-Houston Company and were their 
guests at lunch. In the afternoon the Rugby Radio Station was visited and the party then 
proceeded to Rugby School where, after tea with the Headmaster and staff, the class- 
rooms and laboratories were inspected under the guidance of Mr F. A. Meier, the Senior 
Science Master. 

A discussion on “ Magnetism” was held on May 23, 1930, whilst on October 17, 1930, 
a lecture was delivered by Dr Rudolf Hase, entitled “Some physical radiometric investi- 
gations of technical interest.” 


EXHIBITION 


The twenty-first Annual Exhibition, arranged jointly by the Physical and Optical 
Societies, was held on January 6, 7 and 8, 1931, through the courtesy of the Governing 
Body, at the Imperial College of Science. The exhibition was opened by the President of 
the Physical Society, Sir Arthur S, Eddington, F.R.S., who reviewed the salient points in 
connexion with the history of the exhibition for the past twenty years. The Research and 
Experimental Section contained exhibits from 29 sources. Trade exhibits were arranged 
by 85 firms. Discourses were given by Mr E. Lancaster-Jones on “ Searching for minerals 
with scientific instruments,” and by Professor Sir Gilbert Walker, F.R.S., on “Physics of 
sport.” 


REPRESENTATIVES ON OTHER BODIES 


Dr Ezer Griffiths and Dr A. B. Wood have been nominated as representatives of the 
Society on the National Committees of the Royal Society, on Physics and Radio-Tele- 
graphy respectively, of the International Unions founded under the International Research 
Council. Dr Ferguson and Dr D. Owen were appointed as representatives of the Society 
on the Board of the Institute of Physics, and also on the Science Abstracts Committee. 
Sir Richard Threlfall represented the Society on the occasion of the jubilee celebrations 
of the foundation of the Mason Science College and the thirtieth anniversary of the 
granting of the charter to the University of Birmingham. 


THE DUDDELL MEDAL 


At the Annual Meeting on March 28, 1930, the seventh (1929) Duddell Medal was 
presented to Professor A. A. Michelson through the intermediary of the United States 
Embassy. The Council has awarded the eighth (1930) Duddell Medal to Professor Sir 
Ambrose Fleming, F.R.S. 


xvi Report of the Council for 1930 


GUTHRIE LECTURE 


Professor P. Debye delivered the fifteenth Guthrie Lecture on April 11, 1930, the 
subject being “The scattering of X-rays in gases, in relation to molecular structure.” 


OBITUARY 


The Council records with deep regret the deaths of Professor W. G. Duffield, Mr H. 
Chester Bell, Mr T. C. Lewis, Mr M. J. Jackson, Mr H. S. S. Harvey, Professor Sir L. 
Ray Lankester, Mr V. Lough, Dr H. Borns and Lt.-Col. J. W. Gifford. 


MEMBERSHIP ROLL 


The number of Honorary Fellows on the roll on December 31, 1930, was 11. At the 
same date ordinary Fellows numbered 754 and students 51. 
The changes in the membership of the Society are shown in the appended table: 


Total | Ch . Sirs Total 
Dec. 31, 1929 | ee _ Dec. 31, 1930 
Honorary Fellows II | II 
Ordinary Fellows 724 Elected _... ate mer 
Student transfers ... <—~ 26 
64 | 
Deceased ... ane 5 | 
Resigned or lapsed 19 
oe 
Net increase nem eles: A 754 
Students ee 51 Elected ~~ is. aie Kase | 
Trans. to Fellow ... fe) / 
Resigned... oe 2 | 
— 2 
Net increase “O | 51 
Total membership 786 Net increase i saan (SS | 816 


ig 


Pe BOMiISOrShIE TREASURER 


THE accounts for the year ended December 31st, 1930, show an adverse balance 
Of f22. 25. 10d. 


_ This is largely due to the increase in the number of pages of the Proceedings 
published during the financial year. The publication, in conjunction with the Optical 
Society, of the discussion on “‘Photo-electric cells and their applications,” was 
also a heavy expense, but it is hoped that the Society will more than recover this 
expenditure by sales. - 


The Society desires to thank the Council of the Royal Society for a grant of 
£200 towards the cost of publications. 


The decrease in the amount charged to the Physical Society for Science 
Abstracts is due to the larger number of copies now taken by members of the 
Institution of Electrical Engineers. 


£350 of 5 % War Loan was purchased in August at a cost of £364. 185. 10d. 
The Society’s investments have been valued at market prices on December 31st, 
1930, through the courtesy of the Manager of the Charing Cross Branch of the 
Westminster Bank. Their value was approximately 7 % less at this date than on 
December 31st, 1929, owing to the continued depression of the stock market. 


(Signed) ROBERT S. WHIPPLE 


Honorary Treasurer 


March 16th, 1931 . 
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: THE PROCEEDINGS OF THE PHYSICAL SOCIETY 


AN IMPORTANT NEW BOOK 


A SURVEY OF 
PHYSICS 


F. A. SAUNDERS 


Professor of Physics, Harvard University 


In a single volume Prof. Saunders gives not only a survey of all the general 
physics demanded, for example, by a pass degree examination, but also concise 
accounts of recent technical applications and of the fundamental theoretical and 
experimental advances of the last few years, with copious illustrations. This 
book fills ideally the gap which has existed for so long between the popular 
exposition and the advanced text-book demanding specialized mathematical and 
physical knowledge. It will be invaluable for the teacher who has to arrange a 
course in physics which will interest his hearers, and will be enjoyed by every 
reader who wants to know what modern physics is doing. 


Many diagrams & illustrations, 14s. net 


[LONDON: G. BELL & SONS, LTD.] 


PITMAN’S BOOKS 


A New and Enlarged Edition of 


TELEVISION 


TO-DAY AND TO-MORROW 


By SYDNEY A. MOSELEY and H. J. BARTON 
CHAPPLE, Wh.Sc., B.Sc. (Hons.), A.C.G.I., D.I.C., A M.LE.E. 


Foreword by JOHN L. BAIRD 


This extremely popular and authentic account of the dis- 
covery, development and possibilities of television has been 
carefully revised and brought completely up-to-date. Anew 
chapter on latest developments has been added and the 
number of illustrations considerably increased. 'The purely 
scientific aspects of the subject are clearly and interestingly 
dealt with and every reader will gain a sound technical idea 
of the principles underlying this important invention. 


CONTENTS (Abbrev.). History of Television—The General Details— 
The Baird Transmitter—T he Baird “’Televisor’’ Receiver—Synchronism 
in Television—Photo-electric Cells and Neons—The Wireless Receiver 
for Television—Tele-Cinema and Tele-Talkies—Noctovision and the 
“ Noctoyisor’”’ Receiver—Daylight Television—Colour and Stereoscopic 
Television—New Developments—Television in Other Countries, 


7/6 ner NOW. READY 


NOW READY 


PHOTOELECTRIC CELLS. 
By Dr NorMAN CAMPBELL and DOROTHY RITCHIE. 
Cloth gilt, 216 pp., with numerous illustrations. 
Second edition. 15s. net. 
““The book is certainly remarkable in the manner in 
which it conveys detailed and advanced information 
with the assistance of a minimum of mathematics.’’ 
(Proceedings of Physical Society) 


RADIOACTIVITY AND RADIOACTIVE 
SUBSTANCES. 
By J. CHapwick, M.Sc. With a Foreword by Sir 
ERNEST RUTHERFORD, Bart. Cloth, with many 
diagrams and illustrations. Third edition. 2s. 6d. 
net. 
“Tt can safely be said that the book is the best 
introductory treatise of its size existent.’’ 
(Proceedings of Physical Society) 


ALTERNATING CURRENT BRIDGE METHODS. 
By B. Hacug, D.Sc., D.I.C., etc. Cloth gilt, demy 
8vo, withr12 illustrations, Second edition, revised. 
15s. net. 

“This is an excellent book.... No one who has to deal 

with a bridge can afford to be without this book.”’ 

(fournal of Scientific Instruments) 


Descriptive leaflets of the above, post free on request 


SIR ISAAC PITMAN & SONS, LTD., Parker Street, Kingsway, London, W.C. 2 
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PUBLICATIONS OF THE PHYSICAL SOCIETY 
PUDLICAIRESS 


Postage is charged extra. The sale of Parts the price of which is 12s. is restricted, and 
permission to purchase them must be obtained from the Council of the Society. 


The Proceedings can be supplied in bound volumes at an additional charge of §s. 
per volume. 
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SOME SPECIAL PUBLICATIONS 
THE TEACHING OF GEOMETRICAL OPTICS. Price 4s. 6d. | 


REPORT ON SERIES IN LINE SPECTRA. By A. Fowler, F.R.S. Second Edition, with 
index. Price 12s. 6d.; in cloth, 15s. 6d. 


REPORT ON RADIATION AND THE QUANTUM THEORY. By ¥. H. Feans, F.R.S. Second 
Edition. Price 7s. 6d.; in cloth, ros. 6d. 


REPORT ON THE RELATIVITY THEORY OF GRAVITATION. By A. S. Eddington, F.R.S. 
Third Edition. Price 6s.; in cloth, 8s. 6d. 


THE EFFECT OF ELECTRIC AND MAGNETIC FIELDS ON SPECTRAL Lings (Seventh Guthrie 
Lecture). By Niels Bohr. Price 2s. 6d. 


THE SCIENTIFIC PAPERS OF JAMES PRESCOTT JOULE. In cloth. Vol. 1, 18s.; Vol. 1 
(Joint Papers), 12s. 
i 
| 


THE SCIENTIFIC PAPERS OF SIR CHARLES WHEATSTONE. In cloth. Price r2s. 


Discussions. Photo-Electric Cells and their Applications, 12s. 6d.; The Making of 
Reflecting Surfaces, 5s.; Lubrication, 1s. 6d.; Ionisation in the Atmosphere, 35.3 
Hygrometry, §s.; Metrology in the Industries, rs. 6d.; Absolute Measurement of 


Electrical Resistance, 2s.6d.; X-Ray Measurements, 2s.6d.: Physi d ; 
of Colloids, 2s. 6d. : f ? 3 Physics and Chemistry 


Postage is charged extra, 


Fellows of the Society may obtain any of the above publications for their PERSONAL use 
at HALF-PRICE. An additional charge is made for binding. 


Orders for any of the above publications should be sent to the 

ASSISTANT SECRETARY, THE PuysicaL Society, 1 LOWTHER GARDENS, 
EXHIBITION Roap, Lonpon, S.W. 7 

from whom a full list of the Society’s publications may be obtained. 


. : 
PRINTED IN GREAT BRITAIN BY W. LEWIS, M.A., AT THE CAMBRIDGE UNIVERSITY PRESS : 


